WORLD INTELLECTUAL PROPERTY ORGANIZATION 
International Bureau 




PCX 

INTERNATIONAL APPUCA-HON PUBUSHED UNDER THE PATENT OOC«>ERATION TREATY (PCT) 



(51) International Patent Classification ^ : 
C12N9/00 



A2 



(11) International Publication Number: WO 98/40470 

(43) International Publication Date; 17 September 1998 (17^.98) 



(^1) International Application Number: PCT/EP98A)1253 
(22) International Filing Date: 5 Match 1998 (05,03.98) 



(30) PrioHty Data: 

97810132.7 7 March 1997 (07X)3.97) BP 

(34) Countries for which the regional or 

imemasional appUcoHon was filed: DE et al. 

97810954.4 8 December 1997 (08.12.97) EP 

(S4) Countries far which the regional or 

international application was filed: DB et al. 



(71) Ap^cants (far all designated States except US)i NOVARTIS 
AG [CH/CH]; Schwarzwaldallee 2tS, CH>40S8 Basel (CH). 
ROYAL VETERINARY AND AGRICULTURE UNIVER- 
SITY [DK/DK]; Thorvaldsensvej 40, DK-1871 Fredeiiks- 
berg C Copenhagen (DK). 

I (72) Inventors; and 
(75) Inyentors/AppHcants (for US only): HALKIER, Barbara, Ann 
[DK/DK]; Nanscnsgadc 43. L tv. DK-1366 Copenhagen 
K. (DK). BAK, S5ren [DK/DK]; Jespcr Brockmans Gade 4, 
3.tv, DK-2200 Copenhagen N. (DK). KAHN. Rachel» Alice 
[US/DK]; Nansensgadc 69. stth, DK-1366 Copenhagen 
(DK), MOLLER. Birger, Lindbcig (DK/DK]; Kongstcdvcj 
5» DK-2700 Bfttiishdj (DK). 



(74) Agent: BBCKER, Koitfad; Novaitis AG, Patent-- und Marken- 
abteilung, lichstrasse 35. CH-4002 Basel (CH). 



(81) Dedgnated States: AU AM, AT, AU, AZ, BA, BB, BG. BR, 
BY. C:A.CH, CN, CU. CZ, DE, DK. EE, ES, Fl. OB, GE, 
GH, GM, OW, HU, ID. IL. IS, JP. KE, KG. KP. KR. KZ, 
LC. LK, LR. LS. LT. LU. LV, MD, MG. MK. MN, MW, 
MX. NO, NZ, PL, PT, RO. RU, SD, SB. SO. SI, SK, SL, 
TJ, TM, TK TT. UA. UG, US, UZ. VN, YU. ZW, ARIPO 
patent (GH, GM, KB, LS, MW, SD. SZ, UG, ZW). Eurasian 
patent (AM, AZ, BY, KG, ICZ, MD, RU. TJ, TM), European 
patent (AT, BE. CH. DE. DK. ES, FI. PR, GB, OR, IE, IT, 
LU, MC, NL. PT, SE), OAPl patent (BP, BI, CF, CO, O, 
CM, GA, ON, ML. MR, NE, SN, TD. TO). 



Published 

Without international search report and to be republished 
upon receipt of thai report. 



|(54)TiUe: CYTCXmOME P450 MONOOXYGENASES 
j (57) Abstract 

Cytochrome P450n dependent monooxygeaases and DNA molecules encoding these monooxygeoases are provided, which are able 
to catalyze the blosyntbetic conversion of aldoximes to nitrils and the conversion of said nitrils to the corrcspoiding cyanohydruis, which 
I are the precursors of cyanogenlc glycosides. Moreover, the invention provides methods for obtaining DNA molecules according to the 
invention and methods for obtaining tiansg^ plants resistant to insects, acarids, or nematodes or plants with Improved nutritive vahie. 



FOR TBE PUJRPOSBS OF INFORMATION ONLY 



Codes used to identify States paity to the PCT on the haaX pages of pami^ets publishing intenmtiiHud applications under dse PCT. 



AL 


Albania 


ES 


Spain 


LS 


Lesotho 


SI 


Slovenia. 


AM 


ArmenU 


PI 


Finland 


LT 


Uthaanla 


5K 


Slovakia 


AT 


Awtria 


FR 


France 


LU 


Lwcnbouig 




Senegal 


AU 


AwtnKa. 


GA 


OabOD 


LV 


Latvia 


sz 


Swauland 


AZ 




GB 


United Kingdom 


MC 


Monaco 


TD 


Chad 


BA 


Bosnia and HemgoviiM 


GB 


Georgia 


MD 


Republic of Moldova 


TG 


Togo 


BB 


BartMxloa 


GH 


Gbana 


MG 


Madagascar 


TJ 


Tiitpkisun 


BE 


Belghua 


GN 


Gotoet 


MK 


Ibe former Yogoalav 


TM 


TWfanCQiSUHB 


BF 


BwfcinaFito 


GR 


Oiecoe 




Rcpoblic of Macedonia 


TR 




BG 


Bulgaria 


HU 


Hnngaxy 


ML 


Mali 


TT 


TWnided and Tdwgp 


BJ 


Benin 


IB 


Ireland 


MN 


Mongcdia 


UA 


Ukraine 


BR 


Bfudl 


IL 


biaet 


MR 


Mattrltania 


UG 


Uganda 


BY 


Belarus 


IS 


loclmd 


MW 


Malawi 


US 


Uinted Statea of America 


CA 


Canada 


IT 


baly 


MX 


Mexico 


UZ 


Uihdcistaa 


cy 


Central Africa Republic 


JP 




NB 


NiSer 


VN 


Viet Nan 


cx; 


Congo 


KB 


Kenya 


NL 


NedierliDdi 


YU 


YpgoaMa 


cu 


SwittttlaiKt 


KG 


Kyigytstan 


NO 


Norwi^ 


ZW 


Zimbabwe 


a 


Ctod*Ivobo 


KP 


Dcipocratic l^nple*a 


NZ 


New Zealand 






CM 


Cameiooa 




Republic of Korea 


PL 


Poland 






CN 


CUna 


KR 


RqnibUc of Korea 


PT 


Poftugal 






cu 


Cuba 


KZ 




RO 


Romania 






cz 


Czech Republic 


LC 


Saint Luda 


RU 








DB 


Gennaoy 


U 




SD 


Sodaa 






DK 


Denmaik 


LK 


SriLwka 


SB 


Sweden 






BS 




LR 


Liberia 


SG 


Singapore 







wo 98/40470 



-1 



PCT/EP98mi2S3 



CYTOCHROME P4S0 MON QOXYGENASES 

The present Invention relates to genetic engineering in plants using recombinant DNA 
technology in general and to enzymes involved in the biosynthesis of oyanogenic 
glycosides and genes encoding these enzymes in particular. The proteins and genes 
according to the invention can be used to improve the nutritive value or pest resistance of 
plants. 

Cyanogenic glycosides constitute secondary plant metabolites In more than 2000 plant 
species. In some Instances they are the source of HON which can render a plant toxic If It is 
taken as food. For example the tubers of the cyanogenic crop cassava (Manihot esculenta) 
constitute an important staple food In tropical areas. The cyanogenic glycosides preserit in 
the tubers may cause cyanide poisoning In humans due to insufficiently processed cassava 
products. Other plant species whose enzymatic production of HON accounts for their 
potential toxicity If taken In excess as food or used as animal feed Include white clover 
(Trifolium repens), sorghum (Sorghum bicolor), linen flax (Unum usitatissimum), triglochinin 
(Triglochin maritima), lima beans (Phaseolus lunatus), almonds (Amygdalus) and seeds of 
apricot (Prunus), cherries and apple (Malus). The toxic properties could be reduced by 
blocking the biosynthesis of cyanogenic glycosides in these plants. 

The primary precursors of the naturally occuring cyanogenic glycosides are restricted to the 
five hydrophobic protein amino adds valine, leucine, isoleudne. phenylalanine and tyrosine 
and to a single non-protein amino acid, cyclopentenylglyclne. These amino acids are 
converted In a series of reactions to cyanohydrins which are ultimately linked to a sugar 
residue. Amygdalln for example constitutes the O-^gentiobloside and prunasin the O-p- 
glucoslde of (R)-mandelonHrile. Another example of cyanogenic glycosides having aromatic 
agiycones is the epimeric pair of the cyanogento glycosides dhurrin and taxiphyllln which 
are to be found in the genus Sorghum and Taxus, respectively. p-Hydroxymandelonitrlle for 
example is converted Into dhurrin (p-D-glucopyranosyloxy-(S)-p-hydroxymandelonitrile) by a 
UDPG-glycosyltransferase. Similiar glycosyltransferases are believed to be present in most 
plants. Vicianin and lucumin are further examples for disaccharide derivatives similiar to 
amygdalln. Sambunigrin contauns (S)-mandelonitrile as Its aglycone and is therefore 
epirneric to prunasin. 
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Examples of cyanogenic glycosides having aliphatic aglycones are Unamarin and 
lotaustralin found in clover, linen flax, cassava and beans. A detailed review on cyanogenic 
glycosides and their biosynthesis can be found in Conn, Naturwissenschaften €6:28-34, 
1979, herein incorporated by reference. 

The biosynthetlc pathway for the cyanogenic glucoside dhurrin derived from tyrosine has 
been extensively studied (Halkler et at, 'Cyanogenic glucosides: the biosynthetlc pathway 
and the enzyme system Involved' In: 'Cyanide compounds In biology', Wiley Chichester 
(Clba Foundation Symposium 140). pages 49-66, 1988; Halkler and MoHer, Plant Physiol. 
90:1552-1559, 1989; Halkier et al, The J. of Biol. Chem. 264:19487-19494, 1989; Halkler 
and Moller. Plant Physiol. 96:10-17, 1990, Halkler and Moller, The J, of Biol, Chem. 
265:21114-21121, 1990; Halkler et al, Proc. Natl. Acad. ScK USA 88:487-491, 1991; 
Sibbesen et al, in: 'Biochemistry and Biophysics of cytochrome P450. Structure and 
Function, Biotechnological and Ecological Aspects', Archakov, A.l. (ed.), 1991, Koch et al. 
8th Int. Conf. on Cytochrome P450, Abstract PII.053; and Sibbesen et al, 8th Int. Conf. on 
Cytochrome P450, Abstract Pll.016). L-Tyrosine Is converted to p-hydroxy-mandelonitrile 
(the precursor of dhunrln), with N-hydroxytyroslne. N.N-dlhydroxytyroslne, (€)- and <Z)-p- 
hydroxyphenylacetaldehyd oxlme, and p-hydroxyphenylacetonltrlle being intemnediates. 
Two monooxygenases of the cytochrome P4S0 type are involved In this pathway. In 
cassava a slmillar pathway Involving cytochrome P450 dependent monooxygenases Is used 
for the synthesis of iinamarin and lotaustralin from valine and isoleucine, respectively (Koch 
et al, Archives of Biochemistry and Biophysics, 292:141-150, 1992). The complex pathway 
from L-tyroslne to p-hydroxy-mandelonitrile In Sorghum Wcotorwas demonstrated to require 
two multi-functional cytochrome P460 dependent monooxygenases only. The nrst enzyme, 
designated P450Tm, converts tyrosine to p-hydroxyphenylacetaldehyd oxime. The second 
enzyme, designated P450ox. converts the aldoxime to p-hydroxy-mandelonltrile. In view of 
the similiarities between the biosynthetlc pathways of cyanogenic glucosides In different 
plants It is generally assumed that said pathways involve two multlfuncltonal P450 
dependent monooxygenases, P450i and P450p, which convert the precursor amino acid to 
the corresponding aldoxime and the aldoxime to the corresponding cyanohydrin, 
respectively. P450| Is a specific enzynie which determines the substrate specificity and, 
thus, the type of glucoside produced, v^ereas P450ii is expected to be less specif te in 
converting a range of structurally different aldoxlmes into the corresponding cyanohydrin. 
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Glucosinolates are hydrophilic, non-volatile thloglycosldes found within several orders of 
dicotyledoneous angiosperms (Cronquist, The Evolution and Classification of Flowering 
Plants. New York Botanical Garden. Bronx, 1988). The occufance of cyanogenic 
glucosinolates and glucosldes is mutually exclusive. The greatest economic significance of 
glucosinolates is their presence In all members of the Brasslcaceae (order of Capparales), 
whose many cultlvars have for centuries provided mankind with a source of condiments, 
relishes, salad crops and vegetables as well as fodders and forage crops. More recently, 
rape (especially Brassica napus and Brasslca campestrls) has emerged as a major oil seed 
of commerce. About 100 different glucosinolates are known possessing the same general 
structure but differing in the nature of the side chain. Glucosinolates are formed from 
protein amino acids either directly or after a single or multiple chain extension (Underiiill et 
ai, Biochem. Soc. Symp. 38:303-326, 1973). N-hydroxy amino acids and aldoximes which 
have been identified as intennediates in the biosynthesis of cyanogenic glycosides also 
serve as efficient precursors for the biosynthesis of glucosinolates (Kindl et al, 
Phytochemlstry 7:745-756, 1968; Matsuo et al, Phytochemlstry 11:697-701, 1972; Underhill, 
Eur. J. Blochem. 2:61-63. 1967). Cytochrome P450i Involved In cyanogenic glycoside 
synthesis Is thus functionally very simlliar to the corresponding biosynthetic enzyme in 
glucosinolate synthesis, and Is therefore expected to be a member of the same family of 
P450 enzymes. Thus we have Isolated a cDNA clone from SInapIs alba encoding a P450 
enzyme (SEQ ID NO:17) with 54% Identity to P450tyb (CYP79) and catalyzing the first step 
In the biosynthesis of glucosinolates, that is the fonnatlon of the aldoxime from the parent 
amino acid. This cDNA clone shows approximately 90% Identity to an Aribidopsis EST 
sequence (T42902) which strongly indicates that this cytochrome P4S0 enzyme is highly 
conserved in glucosinolate containing species. 

The reduction of the complex biosynthetic pathway for cyanohydrins described above to the 
catalytic activity of only two enzymes, cytochrome P450| and P450b, allows for the 
manipulation of the biosynthetic pathway of cyanogenic glucosldes In plants. By 
transfectlon of gene constructs coding for one or both of the monooxygenases a 
biosynthetic pathway for cyanogenic glucosldes can either be modified, reconstituted, or 
newly established. 

The modification or introduction of a biosynthetic pathway for^anogente glycosides in 
plants by methods known In the art is of great Interest, since cyanogenic glycosides can be 
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toxic to insects, acarids, and nematodes. Therefore, the modification, introduction or 
reconstitution of a biosynthetic pathway for cyanogenic glycosides in plants or certain plant 
tissues will allow to render plants unpalatable for insects, acarids or nematodes and thus 
help to reduce the damage to the crop by pests. In combination with other insecticidal 
principles such as Bacillus thuringiensis endotoxins the damage to the crop by pests could 
be even further reduced. 

Alternatively, the sequences of the genes encoding the monooxygenases according to the 
invention can be used to design DNA plasmids which upon transfection into a plant 
containing cyanogenic glycosides such as cassava, sorghum or barley, eliminate 
cyanogenic glycosides normally produced in wildtype plants. This can be achieved by 
expression of antisense or sense RNA or of ribozymes as described in EP-458367-A1 , 
EP-240208-A2, US-5,231 ,020. WO89/05852, and WO90/11682 which inhibits the 
expression of monooxygenases according to the invention. This is of great interest as in 
spite of numerous efforts it has not been possible through traditional plant breeding to 
completely remove the cyanogenic glycosides from for example cassava or sorghum. On 
the other hand it has been shown that elevated amounts of cyanogenic glycosides in the 
epidermal cells of barley cultivars confer increased sensitivity to attack by the mildew 
fungus Eryslphe graminis (Pourmohensi, PhD thesis, G6ttingen, 1989; Ibenthal et al, 
Angew. Bot. 67:97-106, 1993). A similiar effect has been observed in the cyanogenic 
rubber tree Hevea braslliensis upon attack by the fungus Microcyclus ulei (Lieberei et al. 
Plant Phys. 90:3-36, 1989) and with flax attacked by Colietotrichum lini (LQdtke et al, 
Biochem. Z. 324:433-442, 1953). In these instances the quantitative resistance of the plants 
stipulated above and of other plants, where cyanogenic glycosides confer increased 
sensitivity to attack by microorganisms, can be increased by preventing the production of 
cyanogenic glycosides in such plants. In barley, the cyanogenic glycosides are located in 
the epidemnal cells. The expression of antisene, sense or rilx>zyme constructs is therefore 
preferably but not necessarily driven by an epidemnis spectfk: promoter. 

The presence of even minor amounts of cyanogenic glycosides in plants may also cause 
nutritional problems due to generation of unwanted carcinogens as demonstrated in barley. 
Barley malt for example contains low amounts of the cyanogenic glucoside 
epiheterodendrin which in the cause of production of grain-based spirits can be converted 
to ethylcarbamate which is considered to be a carcinogen. Attempts are being made to 
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introduce mandatory maximum allowable concentrations of ethyicarbamate in fermented 
food, beverages and spirits (Food Chemical News 29:33.35. 1988). 

WO 95/16041 describes a DNA molecule coding for a cytochrome P4S0| monooxygenase, 
which catalyzes the conversion of an amino acid to the corresponding N-hydroxyamIno 
acid, N,N-dihydroxyamino acid, and the conversion of the N,N-dihydroxyam]no acid to the 
corresponding aldoxime. The parent amino acid is selected from the group consisting of 
tyrosine, phenylalanine, tryptophan, valine, leucine, isoleucine and cyclopentenylglycine. 
The DNA molecules either correspond to naturally occuring genes or to functional 
homologues thereof which are the result of mutation, deletion, truncation, etc* but still 
encode a cytochrome P450| monooxygenase capable of catalyzing more than one reaction 
of the biosynthetic pathway of cyanogenic glycosides. The monooxygehases preferably 
contain a single catalytic center. . 

Additionally WO 95/16041 describes DNA molecules coding for cytochrome P4S0i) 
monooxygenases such as P450ox of Sorghum bicolor{L.) Moench. They catalyze the 
conversion of an aldoxime to a nitrile and the conversion of the nitrile to the corresponding 
cyanohydrin. The catalysis of the conversion of tyrosine into p-hydroxyphenylacetonitrile by 
two multifunctional P450 enzymes explains why all intermediates in this conversion except 
(2>-p-hydroxyphenylacetaldoxime are channelled. 

The strategy suggested for the isolation of P450ox is based on that used for the isolation of 
P450TYR (CYP79, Sibbesen et al, Proc. Natl. Acad Sci. USA 91: 9740-9744, 1994) from 
sorghum. In this approach a DEAE Sepharose Ion exchange column serves to bindP450 
enzymes whereas the yellow pigments in the sample do not bind. Removal of the pigments 
serves a dual purpose. It is a prerequisite for binding of P450 enzyme to the subsequent 
columns, and it enables assessment of the content of P450 by spectrometry (carbon 
monoxide and substrate binding). The present Invention demonstrates that P4S0qx in 
contrast shows a low binding affinity to the DEAE column and Is essentially recovered in the 
run through and wash fractions. To separate P450ox activity from the yellow pigments by a 
Triton X-114 based phase partitioning procedure is applied* Using preferenttally 0.6 to 1% 
Triton X-114, P450ox is found to partition to both phases in contrast to P4S0tyr. which Is 
recovered in the detergent rich upper phase. By increasing the concentration of Triton X- 
1 14 up to 6%, the majority of P4SQox Is recovered from the detergent poor lower phase. 
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while the yellow pigments are present In the upper phase. A disadvantage of using 6% 
Triton X-1 14 Is an enhancement of the conversion of P4S0ox into its denatured P420 form. 
This knowledge is used in the present Invention to purify for the first time P450tt 
monooxygenases such as P450ox, to clone the genes encoding the rnonooxygenases* and 
to stably transform plants with the monooxygenase encoding genes. The Isolation of 
P450ox and determination of partial amino acid sequences permit the design of 
oligonucleotide probes and the Isolation of a cDNA encoding P4S0ox. However, in the 
present case cloning was accomplished via an independent approach. 

The invention relates primarily to DNA molecules encoding cytochrome P450fl 
monooxygenases, which catalyze the conversion of an aldoxime to a nltrile and the 
conversion of said nltrile to the corresponding cyanohydrin. Preferably the aldoxime is the 
product of a conversion of an amino acid selected from the group consisting of tyrosine, 
phenylalanine, tryptophan, valine, leucine, isoleudne and cyclopentenylglycine or an amino 
acid selected from the group consisting of L-tyrosine, L-valine and L-lsoleucine, catalyzed 
by a P450| monooxygenase as described In WO 95/16041 . The DNA molecules according 
to the invention either correspond to naturally occuring genes or to homologues thereof 
which are the result of mutation, deletion, truncation, etc. but still erK:ode a cytochrome 
P450ii monooxygenase, which catalyzes the conversion of an aldoxime to a nltrile and the 
subsequent conversion of said nitrite to the corresponding cyanohydrin. The mono- 
oxygenases according to the invention catalyze more than one reaction of the biosynthetic 
pathway of cyanogenic glycosides and preferably contain a ^ngle catalytic center. 

Cytochrome P450i enzymes might be present in most \Mng organisms. The DNA molecules 
according to the present Invention encoding P450b monooxygenases are structurally and 
functionally similar to DNA molecules obtainable from various plants which produce 
cyanogenic glycosides. In a preferred embodiment of the invention the DNA molecules 
hybridize to a fragment of the DNA molecule with the nucleotide sequence given in 8EQ ID 
NO:1 • Said fragment is more than 10 nucleotides long and preferably longer than 15. 20, 
25, 30. or 50 nucleotides. Factors that affect the stability of hybrids determine the 
stringency of hybridization conditions and can be measured in depe^hdence of the melting 
temperature T^of the hybrids formed. The calculation of Tm is desribed in several textbooks. 
For example Keller et al describe in: ''DNA Probes: Background, Applications, Procedures", 
Macmillan Publishers Ltd, 1993, on pages 8 to 10 the factors to be considered in the 
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calculation of Tm values for hybridization reactions. The DNA molecules according to the 
present invention hybridize with a fragment of SEQ ID NO:1 at a temperatur 30^*0 below the 
calculated Tm of the hybrid to be formed. Preferably they hybridize at temperatures 25, 20, 
15,10. or 5''C below the calculated 1^. 

For the purposes of gene manipulation using recombinant DNA technology the DNA 
molecule according to the invention may in addition to the gene coding for the 
monooxygenase comprise DNA which allows for example replication and selection of the 
inventive DNA in microorganisms such as E. coli. Bacillus, Agrobacterium^ Streptomyces or 
yeast. It may also comprise DNA which allows the monooxygenase genes to be expressed 
and selected in homologous or heterologous plants* Such sequences comprise but are not 
limited to genes the codon usage of which has been adapted to the codon* usage of the 
heterologous plant as described in WO93/07278; to genes conferring resistance to. 
neomycin, kanamycin, methotrexate, hygromycin, bleomycin, streptomycin, or gentamycin, 
to aminoethyicystein, glyophosphate, sulfonylurea, or phosphinotricin; to scorable marker 
genes such as gaiactosidase; to its natural promoter and transcription termination signals; 
to promoter elements such as the 35S and 19S CaMV promoters, or tissue specific plant 
promoters such as promoters specific for root (described for example in EP-452269-A2, 
W091/13992, US-5,023.179). green leaves such as the maize phosphoenol pyruvate 
carboxylase (PEPC). pith or pollen (described for example In WO93/07278). or inducible 
plant promoters (EP^332104); and to heterologous transcription termination signals. 

The present invention also relates to the P450h monooxygenases which catalyze the 
conversion of an aldoxime to a nitrile and the conversion of said nitrile to the corresponding 
cyanohydrine. In a prefen-ed embodiment of the invention the monooxygenases are purified 
and can be used to establish monoclonal or polyclonal antibodies whteh specifically bind to 
the monooxygenases. In particular cytochrome P450ox having a molecular weight of 55kp 
as determined by SDS-PAGE is isolated from Sorghum bicolor(JL.) Moench. Its amino acid 
sequence is given in SEQ ID NO:2. 

The catalytic properties of P450ox resembles those of a cytodirome P450 activity reported 
In microsomes from rat liver (DeMaster et al, J. Org.Chem. 5074-5075, 1992). A 
characteristic of cytochrome P450ox and of other members belonging to the cytochrome 
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P450ox family Is that dehydration of the aldoxime to the corresponding nitrile is dependent 
on the presence of NADPH but that this dependence In some cases can be overcome by 
the addition of sodium dtthlonite or other reductants. 

Of ail known sequences for cytochrome P450 enzymes, cytochrome P4S0ox shows the 
highest amino acid sequence Identity (44%) to the avocado enzyme CYP71 A1 and less 
than 40% identity to all other members of the CYP71 family. Avocados, do not produce 
cyanogenic glycosides and CYP71 A1 does not catalyze the conversion of an aldoxime to a 
nitrile and the conversion of said nitrile to the con-esponding cyanohydrln.* Thus, according 
to the present invention a family of cytochrome P450a monooxygenases can be defined the 
members of which catalyze the conversion of an aldoxime to the conresponding cyanohydrin 
and have a 40% or higher amino acid sequence identity to that of cytochrome P450ox. 
Preferably the amino acid sequence identity with cytochrome P4S0ox is higher than 50% or 
higher than 55%. 

It is suggested to assign P450ox the first member of a new CYP71 subfamily (CYP71E1) as 
It clusters with other CYP71 sequences in dendrograms, the graphical output of a multiple 
sequence alignment. Generally, according to the nomenclature commitee, less than 40% 
sequence identity on tfie amino acid level is required for a cytochrome P450 to be assigned 
to a new CYP family and sequences that are more than 56% identical are assigned to the 
same subfamily. When making multiple sequence alignments not only sequence identities 
but also sequence similarities such as same net charge or a comparable 
hydrophobicity/hydrofilicity of the individual amino acids are considered. In such alignments 
P450ox clusters with the other CYP71 sequences and should therefore be included in the 
CYP71 family despite the fact that it shows less than 40% identity to all other members of 
the CYP71 family except CYP71 A1 from avocado. As It shows low sequence identity to the 
other members It ought to be assigned to a new subfamily. The other CYP71 family 
members are all from non*cyanogenic species and their furK:tk>n is unknown. The catalytic 
properties of the previously identified P450s belonging to the CYP71 family remain elusive. 
They are thought to be involved in terpene hydroxyiations. None of them has been 
suggested to utilize oximes as substrates nor to be multifunctional converting aldoximes Into 
nitriles and cyanohydrins. 
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A further embodiment of the present invention is to be seen In a method for the preparation 
of cDNA coding for a cytochrome P450d monooxygenase, which catalyzes the conversion of 
an aldoxime to a nitrile and the conversion of said nitrite to the corresponding cyanohydrin. 
It comprises 

(a) isolating and soiubilizing microsomes from plant tissue producing cyanogenic 
glycosides, 

(b) purifying the cytochrome P450 monooxygenase. 

(c) raising antibodies against the purified monooxygenase, 

(d) probing a cDNA expression library of plant tissue producing cyanogenic glycosides 
with said antibody, and 

(e) isolating donas which express the monooxygenase. 

Microsomes can be isolated from plant tissues which show a high activity of the enzyme 
system responsible for biosynthesis of the cyanogenic glycosides. These tissues may be 
different from plant species to plant species. A preferred source of microsomes are freshly 
isolated shoots harvested 1 to 20 days, preferably 2 to 10 days and most preferably 2 to 4 
days after genmination. Etiolated seedlings are preferred from plant producing cyanogenic 
glycosides but light grown seedlings may also be used. Following isolation the microsomes 
are solubllized in buffer containing one or more detergents. Preferred detergents are 
RENEX 690 (J. Lorentzen A/S, Kvistgard, Denmark), reduced Triton X-100 (RTX-100), 
Triton X-1 1 4. and CHAPS. 

The cytochrome P450 monooxygenases can be purified applying standard techniques for 
protein purification such as uitracentrifugation, fractionated precipitation, dialysis, SDS- 
PAGE and column chromatography. Possible columns comprise but are not limited to Ion 
exchange columns such as DEAE Sepharose, Reactive dye columns such as Cibacron 
yellow 3 agarose, Cibacron blue agarose and Reactive red 120 agarose, and gel filtration 
columns such as Sephacryl S-1000. The cytochrome P450 content of the individual 
fractions can be determined from carbon monoxide difference spectra. A special difficulty 
during the isolation of P450ox which also renders quantification of P4S0ox difficult is its co- 
migration with yellow pigments during the initial purification steps instead of binding to the 
ion exchange column normally used for purification of P4S0 enzymes such as for example 
P450tyr. The presence of yellow pigments prevents the binding of P4S0c»( to a number of 
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different column materials and thus constitutes a major obstacle towards further purification. 
Separation of P450ox from the yellow pigments could, however, be accomplished by 
temperature indvjced Triton X-114 phase partitioning. The method was optimized with 
respect to P450ox recovery and removal of pigments by increasing the amount of Triton X- 
1 14. At 6%, which is sbc to ten fold the level used for other P450s, approximately 80% of the 
P450ox activity partitions to the dear lower phase. Uttle purification besides the removal of 
yellow pigments is achieved in this purification step. However, when the P4S0ox containing 
lower phase is applied to a Cibacron blue dye column, salt gradient elution produced nearly 
homogeneous P450ox as judged from the presence of a major Coomassie stained band 
with an apparent molecular mass of 65 kDa in those fractions which by reconstitution 
showed P450ox activity. 

Isolated P450ox produced a carl>on monoxide spectrum with an absorption peak at 450 nm 
but a relatively large part of the Isolated enzyme was present in the denatured P420 form. 
Quantitative determination of the total content and specific activity of P450ox at the different 
steps in the isolation procedure was hampered by the continuous conversion of P450ox into 
the denatured P420 form. In addition, the specific activity of P4S0ox is dependent on tiie 
inhibitory effects exerted by the different detergents used. The total P4S0 content of the 
fractions is thus to be considered semiquantitative. 

The purified proteins can be used to elicit antibodies in for example mice, goats, sheeps, 
rabbits or chickens upon injection. 5 to SOpg of protein are injected several times during 
approximately 14 day intervals. In a preferred embodiment of the invention 10 to 20 pg are 
Injected 2 to 6 times in 14 day Intervals. Injections can be done in the presence or absence 
of adjuvants, immunoglobulins are purified from the antisera and spleens can be used for 
hybridoma fusion as described in Hariow and Lane. 'Antibodies: A Laboratory Manual*, Coki 
Spring Harbor Laboratory, Cold Spring Heritor, NY, 1988, herein incorporated by reference. 
Antibodies specifically binding to a cytochrome P4S0r monooxygenase can also be used in 
plant breeding to detect plants producing altered amounts of cytochrome P4S0 
monooxygenases and thus altered amounts of cyarK)genlc glycosides. 

The methods for the preparation of plant tissue cDNA libraries are extensively described in 
Sambrook et al, IMolecular cloning: A laboratory manual. Cold Spring Harbor Laboratory 
Press, Cold Spring Harbor, NY, 1989, the essential parts of which regarding preparation of 
cDNA libraries are herein incorporated by reference. PolyA^ RNA is isolated from plant 



wo 98/40470 



-11 - 



PCT/EP98/012S3 



tissue which shows a high act!\nty of the enzyme system responsible for biosynthesis of the 
cyanogenic glycosides. These tissues may be different from plant species to plant species. 
A preferred tissue for poiyA* RNA isolation Is the tissue of freshly isolated shoote harvested 
1 to 20 days, preferably 2 to 10 days and most preferably 2 to 4 days after germination. The 
obtained cDNA libraries can be probed with antibodies specifically binding the cytochrome 
P450n monooxygenase and clones expressing the monooxygenase can be isolated. 

An alternative method for the preparation of cONA coding for a cytochrome P4S0tt 
monooxygenase comprises 

(a) isolating and solubllizing microsomes from plant tissue producing cyanogenic 
glycosides, 

(b) purifying the cytochrome P450u monooxygenase, 

(c) obtaining a complete or partial protein sequence of the monoxygenase, 

(d) designing oligonucleotides specifying DNA coding for 4 to 15 amino acids of said 
monooxygenase protein sequence 

(e) probing a cDNA library of plant tissue producing cyanogenic glycosides with said 
oligonucleotides, or DNA molecules obtained from PGR amplification of cDNA using 
said oligonucleotides, and 

(f) isolating clones which encode cytochrome P4S0d monooxygenase. 

Amino acid sequences of internal peptides which are the result of protease digestion can be 
obtained by standard techniques such as Edman degradation. Oligonucleotides specifying 
DNA coding for partial protein sequences of the inventive monooxygenases are obtained by 
reverse translation of parts of the protein sequence according to the genetic code. Protein 
sequences encoded by DNA sequences of low degeneracy are preferred for reverse 
translation. Their length ranges from 4 to 15 and preferably from 5 to 10 amino acids. If 
necessary the codons used in the oligonucleotides can be adapted to the codon usage of 
the plant source (Murray et aU Nucleic Acids Research 17:477-498, 1989). The obtained 
oligonucleotides can be used to probe cDNA libraries as described in Sambrook et al. 
(Molecular cloning: A laboratory manual. Cold Spring Harbor Lak>oratory Press, Cold Spring 
Harbor, NY, 1989) for clones which are able to basepair with said oligonucleotides. 
Altemattvely, oligonucleotides can t>e used in a polymerase chain reaction, the methodology 
of which Is known in the art, with plant cDNA as the template for amplification. In this case 
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the obtained amplification products are used to probe the cDNA likiraries. Clones encoding 
cytochrome P450b monooxygenases are isolated. 

An alternative method of cloning genes is based on the construction of a gene library 
composed of expression vectors. In that method, analogously to the methods already 
described above, genomic DNA, but preferably cDNA, is first isolated from a cell or a tissue 
capable of expressing a P4S0q monooxygenase and is then spliced into a suitable 
expression vector. The gene libraries so produced can then be screened using suitable 
means, preferably antibodies. Clones which comprise the desired gene or at least part of 
the gene as an insert are selected. 

Alternatively, cDNA molecules coding for a cytochrome P450 monooxygenase which 
catalyzes conversion of an aldoxime to a nitrite and conversion of said nitrite to the 
corresponding cyanohydrin; can be achieved by 

(a) designing degenerated oligonucleotides covering 3 to 10 amino cKsids of conserved 
regions of A-type cytochromes, 

(b) using the degenerated oligonucleotides to amplify one or more cytochrome specific 
DNA fragments using ttie polymerase diain reaction, 

(c) screening a cDNA library with the cytochrome specific fragments to obtain full length 
cDNA, 

(d) expressing the full length cDNA in a microbial host, 

(e) identifying hosts expressing cytochrome P450 monooxygenase which catalyzes the 
conversion of an aldoxime to a nitrlle and the conversion of said nitrite to the 
corresponding cyanohydrin, and 

(f) purifying the cloned DNA from said host. 

Total DNA from a DNA library, preferably from a cDNA library, can be used as template in a 
PCR reaction with one or more primers representing conserved regions of A-type 
cytochromes (Durst et al, Drug Metabolism and Drug Interactions 12: 189-206, 1995) which 
are believed to be derived from a common plant cytochrome P4S0 ancestor. Based on a 
multiple sequence alignment of A-type cytochromes P450 three highly conserved regions 
on the amino acid level can be defined: region 1 (V/I)KEX<L/F)R, region 2 FXPERF, and 
region 3 PFGX6RRXCXQ. Degenerate inosine (z) containing primers can be designed 
each covering 3 to 10 and preferably about 5 or 6 amino acids of the two regions 
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respectively. PGR is for example performed in three consecutive rounds. Round 1 using a 
primer covering the consensus region FXPERF and a standard T7 primer covering the T7 
promoter in the library vector amplifies cDNAs derived from mRNAs encoding A-type 
cytochromes P450. A second round of PGR using primers covering the two consensus 
regions and the amplified DNA of round 1 as template preferentially amplifies a lOObp 
fragment which is then ligated into pBluescript and sequenced. Qene spedfic primers are 
designed based on the DNA sequence obtained. They are used in round 3 in combination 
with a primer complementary to the poly A tail (primer dT+V) and DNA of PGR round 1 as 
the template to amplify an approximately SOObp DNA fragment which can be used as a 
gene specific probe to isolate full-length cDNAs. This PGR approach is not unique to the 
isolation of P450ox but Is general for the isolation of A-type cytochromes P4S0. The A-type 
cytochromes P450 obtained need to be heterologously expressed to determine their 
function. 

cDNA clones or PGR products prepared as described above or fragments thereof may be 
used as a hybridization prot>e In a process of identifying further DNA sequences encoding a 
protein product that exhibits P450b monooxygenase activity from a homologous or a 
heterologous source organism such as fungi or heterologous plants. A suitable source is 
tissue from plants containing cyanogenic glyco^des. 

Said clones or PGR products may also be used as an RFLP marker to determine, for 
example, the location of the cytochrome P450 monooxygenase gene or a closely linked trait 
In the plant genome or for marker assisted breeding [EP-A 306139; WO 69/07647]. 

Using the methods described above it is possible to isolate various genes that code for a 
P450n monooxygenase. Said genes can be used in a method for producing a purified 
recombinant cytochrome P450b monooxygenase which catalyzes the conversion of an 
aldoxime to a nitrile and the conversion of said nltrile to the corresponding cyanohydrin; 
comprising 

(a) engineering the gene encoding said monooxygenase to be expressible In a host 
organism such as bacteria, yeast or Insect cells, 

(b) transforming said host organism with the engineered gene, and 

(c) Isolating the protein from the host organism or the culture supernatant 



wo 98/40470 



-14- 



PCr/EP98/012S3 



In a preferred embodiment of the invention the method is used to obtain purified 
recombinant cytochrome P450oxi or cytochrome P450ox whidi has l>een modified by Icnown 
techniques of gene technology. Preferably the modifications lead to increased expression of 
the recombinant protein or to altered substrate specificity. 

The inventive DNA molecules can t>e used to obt£un transgenic plants resistant to Insects or 
acarids. Specific embodiments are listed but not limited to those in Table B of WO 95/16041 
(page 45) as well as to nematodes described below. 1=or convenience only said Table is not 
repeated in this specification but It is meant to be incorporated herein by referring to the 
disclosure of WO 95/16041. Preferably the transgenic plants are resistant to Coleoptera 
and Lepldoptera such as western com root worm (Diabrotica virgifera virglfera), northern 
corn root worm (Diabrotica longicornis barberi), southern corn rootworm (Diabrotica 
undecimpunctata howardi), cotton t>ollworm. European com borer^ corn root webworm. pink 
bollwomr) and td>acco budworm. 

Nematodes are the principal animal parasites of plants causing global losses to agriculture 
estimated at >$100 billion each year. Certain nematodes induce feeding sites invoh/ing 
plant cell modification and feeding at one site for several hours or considerably more. They 
include species of the genera Mefoidogyne Globodera, Heterodera, Rotylenchulus, 
Tylenchulus, Naccobus, Xiphlnema, Longidorus, Paralongidorus, Cryphodera, 
Trophotylenchulus, Hemicycliophora, Criconemella, Verutus and Heliocotyianchus. Genera 
considered to feed for a more restricted period at one site include Pratylenchus, 
Radopholus, Hirschmannielia, Trichodorus, Paratrichodorus, Ditylenchus, Aphelenchoides, 
Scutellonema, and Belonolalmus. 

The transgenic plants comprise DNA coding for the new monooxygenases which catalyze 
the conversion of said aldoxime to a nitriie and the conversion of said nitrile to the 
corresponding cyanohydrine. In addition the transgenic plants may comprise 
monooxygenase genes genetically linked to herbicide resistance genes. The transgenic 
plants are preferably monocotyiedoneous or dtootyledoneous plants. Specific embodiments 
are listed in Table A of WO 95/16041 (pages 33-44). For convenience only said Table is not 
repeated in this specification but it is meant to be incorporated herein by referring to the 
disclosure of WO 95/16041 . Preferably they are selected from the group consisting of 
maize, rice, wheat, barley, sorghum, cotton, soybeans, sunflower, grasses, oil seed rape, 
sugar beet, broccoli, cauliflower, cabbage, cucumber, sweet com, daikon, benas, lettuce, 
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melon, pepper, squash, tomato, and watemtelon. The plants can be obtained by a method 
comprising 

(a) introducing into a plant cell or plant tissue which can be regenerated to a complete 
plant, DNA comprising a gene expressible in that plant encoding an inventive 
monooxygenase, and 

(b) selecting transgenic plants. 

Similarly the inventive DNA molecules can be used to obtain transgenic plants expressing 
anti-sense or sense RNA or ribozymes targeted to the genes of the endogenous P4S0b 
monooxygenases. Expression of these molecules in transgenic plants reduces the 
expression of cytochrome P4S0n monooxygenases. Such plants show improved disease 
resistance or nutritive value due to reduced expression of cyanogenic glycosides. The 
plants can be obtained witti a method comprising 

(a) introducing into a plant cell or tissue which can be regenerated to a complete plant, 
DNA encoding sense RNA, anti sense RNA or a ribozyme, the expression of which 
reduces the expression of cytochrome P4S0ii monooxygenases, and 

(b) selecting transgenic plants. 

A number of very efficient processes are available for introducing DNA into plant cells, 
which processes are based on the use of gene transfer vectors or on direct gene transfer 
processes. 

One possible method of inserting a gene construct into a cell makes use of the infection of 
the plant cell with Agrobacterium tumefaciens and/or Agrobacterium rhizogenes, which has 
been transformed with the said gene construction. The transgenic plant cells are then 
cultured under suitable culture conditions known to the person skilled in the art, so that they 
form shoots and roots and whole plants are finally formed. 

Within the scope of this Invention Is the so-called leaf disk transformation using 
Agrobacterium (Horsch et al. Science 227:1229-1231, 1985). Sterile leaf disks from a 
suitable target plant are incubated with Agrobacterium cells comprising one of the chimaerto 
gene constructions according to the Invention, and are then transferred into or onto a 
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suitable nutrient medium. Especially suitable, and therefore preferred within the scope of 
thie invention, are LS media that have been solidified by the addition of agar and enriched 
with one or more of the plant growth regulators customarily used, especially those selected 
from the group of the auxins consisting of a-naphthylacetic acid» picloram, 2,4,5-trichloro- 
phenoxyacetic acid, 2,4-dichlorophenoxyacetic acid, indole-3-butyric acid, indoie-3-lactic 
acid, indole-3-succinic acid, indole-3-acetic acid and p-chlorophenoxyacettc acid, and from 
the group of the cytoMnins consisting of Mnetin, 6-benzyladenine, 2-isopentenyladenine and 
zeatln. The preferred concentration of auxins and cytoklnins is in the range of O.lmg/I to 
lOmg/l. 

After incubation for several days, but preferably after incubation for 2 to 3 days at a 
temperature of ZO^C Xo 40^*0, preferably from 23**C to 35**C and more preferably at 2S**C 
and in diffuse light, the leaf disks are transferred to a suitable medium for the purpose of 
shoot induction. Especially preferred for the selection of the transformants is an LS medium 
that does not contain auxin but contains cytokinin instead, and to which a selective 
substance has been added* The cultures are kept in the light and are transferred to fresh 
medium at suitable intervals, but preferably at intervals of one week. Developing green 
shoots are cut out and cultured further In a medium that induces the shoots to form roots. 
Especially preferred within the scope of this Invention is an LS medium that does not 
contain auxin or cytokinin but to which a selective substance has been added for the 
selection of the transformants. 

In addition to Agrobacterium-mediated transformation, within the scope of this invention it is 
possible to use direct transformation methods for the insertion of the gene constructions 
according to the invention into plant material. 

For example, the genetic material contained in a vector can be inserted directly into a plant 
cell, for example using purely physical procedures, for example by microinjection using 
finely drawn micropipettes (Neuhaus et al. Theoretical and Applied Genetics 74:363-373, 
1987), electroporation (D'Halluin et al. The Plant Cell 4:1495-1605, 1992: WO92/09696), or 
preferably by bombarding the cells with microprojectiles that are coated with the 
transforming DNA ("Microprojecttle Bombardment"; Wang et al, Plant Molecular Biology 
11:433-439, 1988; Gordon-Kamm et al. The Plant Cell 2:603-618, 1990; McCabe et al, 
Bio/Technology 11:596-598, 1993; Christou et, Plant Physiol. 87:671-674, 1988; Koziel et 
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ai, Biotechnology 11: 194-200, 1993). Moreover, the plant material to be transformed can 
optionally be pretreated with an osmotically active substance such as sucrose, sorbitol, 
polyethylene glycol, glucose or mannitol. 

Other possible methods for the direct transfer of genetic material into a plant cell comprise 
the treatment of protoplasts using procedures that modify the plasma membrane, for 
example polyethylene glycol treatment, heat shock treatment or electroporation, or a 
combination of those procedures (Shilllto et al, Biotechnology 3:1099-1103, 1985). 

A further method for the direct introduction of genetic material into plant ceils, which is 
based on purely chemical procedures and which enables the transformation to be carried 
out very efficiently and rapidly, is described in Negrutiu et al, Plant Molecular Biology 8:363-. 
373. 1987. 

Also suitable for the transformation of plant material is direct gene transfer using co- 
transfomnatlon (Schocher et al, Bio/T echnology 4:1 093-1096, 1 986). 

The list of possible transformation methods given at)ove by way of example does not claim 
to be complete and is not intended to limit the subject of the invention in any way. 

The genetic properties engineered into the transgenic seeds and plants described above 
are passed on by sexual reproduction or vegetative growth and can thus be maintained and 
propagated in progeny plants. Generally said maintenance and propagation make use of 
icnown agricultural methods developed to fit specific purposes such as tilling, sowing or 
harvesting. Specialized processes such as hydroponics or greenhouse technologies can 
also be applied. As the growing crop is vulnerable to attack and damages caused by Insects 
or infections as well as to competition by weed plants, measures are undertaken to control 
weeds, plant diseases, insects, nematodes, and other adverse conditions to improve yield. 
These include mechanical measures such a tillage of the soil or removal of weeds and 
infected plants, as well as the application of agrpchemicals such ^s herbicides, fungicides, 
gametocides, nematiddes, growth regulant^, ripening agente and insecticktes. 
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Use of the advantageous genetic properties of the transgenic plants and seeds according to 
the invention can further be made in plant breeding which aims at the development of 
plants with improved properties such as tolerance of pests, herbicides, or stress, improved 
nutritional value, increased yield, or improved structure causing less loss from lodging or 
shattering. The various breeding steps are characterized by well-defined human 
inten/ention such as selecting the lines to be crossed, directing pollination of the parental 
lines, or selecting appropriate progeny plants. Depending on the desired properties different 
breeding measures are taken. The relevant techniques are well known in the art and include 
but are not limited to hybridization, inbreeding, backcross breeding, multiline breeding, 
variety blend, interspecific hybridization, aneuploid techniques, etc. Hybridization 
techniques also include the sterilization of plants to yield male or female sterile plants by 
mechanical, chemical or biochemical means. Cross pollination of a male sterile plant with 
pollen of a different line assures that the genome of the male sterile but female fertile plant 
will uniformly obtain properties of both parental lines. Thus, tiie tiransgenic seeds and plants 
according to the invention can be used for the breeding of improved plant lines which tor 
example increase the effectiveness of conventional methods such as herbicide or pestidice 
treatment or allow to dispense with said methods due to ttielr modified genetic properties. 
Alternatively new crops with improved stress tolerance can be obtained which, due to their 
optimized genetic "equipmenf. yield harvested product of better quality than product which 
were not able to tolerate comparable adverse developmental corulitions. 

In seeds production germination quality and uniformity of seeds are essential product 
characteristics, whereas germination quality and uniformity of seeds harvested and sold by 
the farmer is not important. As it is difficult to keep a crop free from other crop and.weed 
seeds, to control seedbome diseases, and to produce seed with good germination, fairly 
extensive and well-defined seed production practices have been developed by seed 
producers, who are experienced in the art of growing, conditioning and marketing of pure 
seed. Thus, it is common practice for the farmer to buy certified seed meeting specific 
quality standards instead of using seed harvested from his own crop. Propagation material 
to be used as seeds is customarily treated with a protectant coating comprising herbicides, 
insecticides, fungicides, bactericides, nematicides, molluscicides or mixtures thereof. 
Customarily used protectant coatings comprise compounds such as captan. carboxin. 
thiram (TMTD^. methalaxyl (Apron*), and pirimiphosmethyi (Actellic*). If desired these 
compounds are formulated together with further carriers, surfactants or application* 
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promoting adjuvants customarily employed In the art of formulation to provide protection 
against damage caused by bacterial, fungal or animal pests. The protectant coatings may 
be applied by impregnating propagation material with a liquid formulation or by coating with 
a combined wet or dry formulation. Other methods of application are also possible such as 
treatment directed at the buds or the fruit 

It is a further aspect of the present Invention to provide new agricultural methods such as 
the methods examplified above which are characterized by the use of transgenic plants, 
transgenic plant material, or transgenic seed according to the present invention. 

The following examples further describe the materials and methods used in carrying out the 
invention and the subsequent results. They are offered by way of illustration, and their 
recitation should not be considered as a limitation of the claimed invention. 

EXAMPLES 

Example 1 : Preparation of microsomes 

All steps Involving the preparation of microsomes are-carried out at 4^*0 unless otherwise 
stated. All buffers are degassed by stirring in vacuo and flushed with argon. 
Seeds of Sorghum bicolor{L,) Moench (hybrid SSI 000 from AgriPro, Texas, USA) are 
germinated in the dark for 40 h at 28*'C on metal screens covered with gauze. Microsomes 
are prepared from approwmately 3 cm etiolated seedlings. The seedlings are harvested and 
homogenized using a mortar and pestle in 2 volumes (v/w) of 250 mM sucrose, 100 mM 
Tricine (pH 7.9), 2 mM EDTA, and 2 mM DTT. Polyvinylpolypyrrolidone is added (0.1 g/g 
fresh weight) prior to homogenization. The homogenate is filtered through 22 pm nylon doth 
and centrifuged for 10 minutes at 16S00 x g. The supernatant Is centrifuged for 1 hour at 
1 65000 x 9. The microsomal pellet is resuspended and homogenized in isolation buffer 
using a Potter-Elvehjem homogenizer fitted with a teflon pestle. After recentrifugation and 
rehomogenization the homogenate is frozen in liquid nitrogen and stored at -SOX until use. 
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Example 2 : Enzyme assays: Determination of lotel cytochrome P4S0 
Quantitative determination of total cytochrome P4S0 Is carried out by difference 
spectroscopy using an extinction coeffident of 91 mh/T^cm*^ for the adduct between reduced 
cytochrome P450 and carbon monoxide (A^g,^ <Omura et aU J* Bioi. Chem. 239:2370- 
2378. 1964). 

Example 3 : Purification of cytochrome P450ox 

All steps involving the purification of enzyme aria -carried out at 4''C unless otherwise stated. 

Buffer A: Buffer C: 

B.9%glycerol 8.9%glycerol 

10 mM KH2P04/K2HP04 (pH 7.9) 40 mM KH2P04/K2HPO4 (pH 7.9) 

0.2ml^EDTA S.OmMEDTA 

2.0mMDTT 2.0ml^DTT 

1.0%(vA^)Renex690 1 .0 % (w/v) CHAPS 

0.05%RTX-100 

Buffers are degassed three times by stirring in vacuo before detergent and DTT are added. 
Between each degassing the buffer is flushed with argon. The ability of different column 
fractions to metabolize radiolabeled p-hydroxyphenyiacetaldoxime is monitored throughout 
ttie purification procedure to identify the presence of P450ox in the fractions. 

Microsomes (400 mg protein in 20 ml) are diluted to 100 ml with a buffor composed of 8.9% 
glycerol, 10 mM KH2P04/K2>^P04 (pH 7.9)» 0.2 mM EDTA. 2 mM OTT after which 100 ml of 
10 mM KH2PO4/K2HPO4 (pH 7.9). 8,9% glycerol, 0.2 mM EDTA, 2 mM DTT , 0.1 % RTX-100 
(v/v), 2 % Renex is slowly added with constant stirring. After additional stirring for 30 min 
and subsequent ultracentrifugation at 150000 x gfor 35 minutes, the approximately 190 ml 
supernatant are applied with a flow rate of 100 ml/h to a 5x5 cm column of DEAE 
Sepharose FF/S-100 Sepharose (20/80 wet volumes, Pharmacia) equilibrated in buffer A. 
The DEAE Sepharose ion exchange resin is diluted with S-100 Sepharose gel filtration 
material in the ratio 1 :4 to avoid too high concentrations of cytochrome P4S0 enzymes <jpon 
binding, which could result in irreversible aggregation. The column is then washed with 
150 ml buffer A. P450ox binds weakly to the column and was essentially recovered in those 
of the run off and wash fractions which contain yellow pigment. Fractions containing 
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P450ox, identified by their absorption at 420 nm, their CO binding spectra and their ability to 
metabolize oxime in reconstitution experiments (see Example 4), are<:ombined 
(approximately 200 ml). They are used for further purification or can be frozen. 
The combined P450ox fractions are adjusted during constant stirring to 30 % (v/v) glycerol 
and 6% Triton X-1 14 by the dropwise addition of appropriate amounts of a mixture of 
glycerol and Triton X-114. The stirring is continued for 20 min, and is followed by 
25 minutes of centrifugation at 24500 x g, 2S''C, and no bralce (temperature induced Triton 
X-114 phase partitioning). Two phases are formed, a yellow upper phase and a clear lower 
phase. The lower phase which contains the major part of the cytochrome P450ox activity is 
collected is diluted 2,5 fold to approximately 350 mi with buffer C and applied with a flow 
rate of 70 ml/h to a 1.9 x 5 cm column of Cibacron blue 3GA-agarose equilibrated in 
buffer C. The column is washed with 50 ml of buffer C and the retained cytochrome P450ox 
is eluted with approximately 60 ml of a 0«1 .5 M KCI linear gradient in buffer C. Teh fractions, 
which by SOS-PAGE show the presence of a single polypeptide band in the SO-60 IcDa 
region are combined and dialyzed under nitrogen for 24 h against 1 I of 8,9% glycerol. 
10 mM KH2P04/K2HP04 (pH 7.9), 5 mM EDTA. 2 mM DTT (dialysis buffer) to reduce the salt 
and detergent content. The enzyme preparation is frozen in liquid nitrogen, and stored at 
-eo^c. 

Examole 4 : Characterization of cytochrome P450ox obtained by isolation from sorghum 
microsomes 

4,1 ■ Molecular weight and amino acid sequence data 

The molecular weight of P450ox as determined by SDS-PAGE is 55kD. The protein band 
corresponding to the P450ox isolated from the Cibacron blue 3GA*agarose column is 
excised from 8*25% SDS-polyacrylamide gels and electroeluted. The electroeluted protein 
is digested with endoprotetnase Giu*C (protease V8 sequencing grade, 18 h, 23X) 
according to the manufacturer (Boehringer Mannheim) using an approximate 1:100 weight 
ratio between proteinase and protein. The electroeluted protein and the digested protein 
sample are subjected to SDS-PAGE. and the protein and fragments transferred to ProBlott 
membranes (Applied Biosystems). Coomassie stained regions of the membrane are 
excised and subjected to N-terminal amino acid sequencing on an Applied Biosystems 
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model 470A Sequenator equipped with an on-line model i20A phenylthlohydantoin amino 
acid analyzer* 

N-terminal amino acid sequencing produced two sequences, which could be read 
independently due to their difference in relative abundance. A database search (BLAST) 
showed the sequence -GLVKEGVDMEEGTL to differ in only a single position from the N- 
tenminal sequence of the B subunit of the vacuolar ATPase of barley {Hordeum vulgare) 
which is MGLVKEGADMEEGTL (accession number L11862). The barley B subunit has a 
predicted molecular mass of 54 kOa (20). The presence of the B subunit of the vacuolar 
ATPase as a contaminant in the PASOox preparation was further substantiated by Western 
blotting which showed a single band at 55 kDa when using a monoclonal antibody raised 
against the B subunit of the vacuolar ATPase from oat roots provided by Dr. Haven Sze. 
The B subunit could be depleted from the P450ox preparation by immobilization on antibody 
coated microtiter wells. This approach permitted unambiguous determination of the 
N-terminal amino acid sequence of P450ox as -ATTATPQLLGGSVPEQ and in addition 
provided the sequence of one internal P450ox peptide fragment, MORLVADLDRAAA. 
Attempts to remove the residual amounts of the B subunit of the vacuolar ATPase resulted 
in the formation of carbon monoxide difference spectra in which the 420 nm component 
representing inactive the denatured P420 form of P450ox was largely increased and in loss 
or significantly diminished ability to reconstitute the P4S0qx activity in the fractions obtained. 
This reflects the immanent lability of P450ox. The B subunit of the vacuolar ATPase is not 
expected to possess any of the catalytic properties associated with P450ox' Accordingly, 
the presence of the B subunit as a contaminant was accepted in the metabolic studies o1 
P450ox reported below. 

N-terminal sequence: 

-ATTATPQLLGGSVPEQ- (SEQIDNO:3) 
Intemal sequence: 

-MORLVADLDRAAA- (SEQIDNO:4) 
4,2, Isolation of the NADPH'P450 oxidoreductase 

The NADPH-P450 oxidoreductase binds to the DEAE-Sepharose FF/S-1 OO^Sepharose 
column and is eluted by augmenting buffer A with 0.5 M KCi. The reductase is subsequently 
purified to homogeneity on a column of 2',5'-ADP-Sepharose 4B (Pharmacia) as previously 
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described (Halkier and Molier, Plant Physiol. 96:10*17, 1990) and concentrated to 
approximately 15 units/ml. 

4 3. Preparation of soluble UDPG alucosvttransferase 

The glucosyltransferase is partially purified by ammonium sulfate fractionation of the 
centrifugation supernatant obtained during the preparation of microsomes. The 
glucosyltransferase fraction precipitates between 40% and 60% (NH4)2S04 and is 
dissolved in 5 ml of 50 mM Tridne (pH 7.9), 2 mM DTT, and dialyzed against 2 1 of the same 
buffer overnight. 

4,4. Reconstitution of cytochrome P450»v activitv 

Reconstitution of the enzyme activity of a microsomal cytochrome P4S0 is accomplished by 
Inserting the cytochrome P450 enzyme and the corresponding NAOPH cytochrome P4S0 
oxidoreductase into lipid micelles. A mixture of lipids can be used but In the caise of 
cytochrome P450ox» dilauroylphosphatidylcholine (OLPC) provides the best enzymatic 
activity. The number of correctly formed complexes of cytochrome P4SOox and NADPH 
cytochrome P450 oxidoreductase are a rate limiting factor. Excess amounts of the 
oxidoreductase and concentrated enzyme solutions are utilized to ensure a sufficient 
number of active complexes. 

A functionally reconstituted enzyme Is obtained using the following components: 

Cytochrome P450ox: 20 pg/ml in dialysis t>uff er 

NADPH cytochrome P450 oxidoreductase 100 pg/ml in 50 mM potassium phosphate 
purified from Sorghum bicolon buffer (pH 7.9) 

Lipid: 1 0 mg/ml dilauroylphosphatidylcholine. 



sonicated in 50 mM Tricine <pH 7.9) 



NADPH: 



25 mg/ml In H2O 



^^C-oxime, enzymaticaliy produced from 
[U-^^C]-L-tyrosine using reconstituted 
P450tyr, and purified on HPLC 



0.01 pCi/pl, 394 mCl/mmol 
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5 pi lipid suspension is mixed in an eppendort tube with 5 pi NADPH cytochrome P4S0 
oxidoreductase (0.075 units). 10 pi of the cytochrome P450ox {approximately 0,4 pmol) 
solution, and 0.5 pi '^C-oxime (0.014 nCi/pI, 394 mCl/mmol)* The final volume is adjusted to 
30 pi using 50 mM Trlclne (pH 7.9) and the enzyme reaction is Initiated by addition of 1 pi 
of NADPH solution. Control samples are prepared by either omitting the NADPH 
cytochrome P450 oxidoreductase or NADPH from the reaction mixture. The tubes are 
incubated under constant and gentle agitation at 30*^0 for 1 h. After Incubation the reaction 
mixtures are applied to silica coated TLC sheets <8ilica gel 60 F254, Merck) and developed 
using an ethyl acetate/toluene (1:5 v/v) mixture as mobile phase. The sheets are placed on 
storage phosphor screens over night and the resultant products, p-hydroxy 
phenylacetonitrile and p-hydroxybenzaldehyde are visualized using a STORM €40 
phosphorimager from Molecular Dynamics. 

When reconstituted into lipid micelles cytochrome P450ox catalyzes the conversion of 
p-hydroxyphenylacetaldehyde oxime to p-hydroxymandelonitrile whteh dissociates to 
p-hydroxybenzaldehyde and HCN. This demonstrates that cytochrome P450ox is a 
multifunctional protein catalyzing both the conversion of p-hydroxyphenylacetaldehyde 
oxime to p-hydroxyphenylacetonitrile, and the conversion of p-hydroxyphenylacetonitrile to 
p-hydroxymandelonitrile. P450ox activity is strictly dependent on the presence of NADPH- 
P450 oxidoreductase and NADPH. Sodium dithionite (10 mM)<Joes rK>t support metabolism 
of p-hydroxyphenylacetaldoxime. Omission of dialysis of the enzyme prior to reconstitution 
causes a reiath/e increase in the accumulation of p-hydroxyphenylacetonitrile compared to 
p>hydroxybenzaldehyde, 

4.5. In vitro reconstitution of the complete pathw ay of dhurrin synthesis from Its parent 
amino add tyrosine 

The complete reaction mixtures contain: 3 pi of isolated, recombinant P4S0tyr (6 pmol, 
heterologously expressed in E.coli and isolated as in Halider et al. Arch. Biochem. Biophys. 
322: 369-377, 1995), 10 pi of isolated and dialyzed P4S0ox (approximately 0.4 pmol), 5 pi of 
NADPH-P450 oxidoreductase (0.075 U), 1 pi of partially purified UDPG glucosyl transferase 
from Sorghum, 5 pi of DLPC (10 mg/ml in 50 mM Kpi{pH7)), 0.25 pt of {U-^*C]-tyroslne 
(0.05 pCi/mmoi, 443 mCi/mmol, Amersham). 3 pi of UDPG (33 mg/ml in SO mM Kpi (pH7)), 
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and 3 nl of castanospermln (2 mM In 50 mM Kpi (pH7)). The components are mixed by 
repeated suspension and if necessary the final volume adjusted to 30 \d by the use of 
50 mM Kpi (pH7). The enzyme reaction is initiated with 1 nJ of NAOPH (25 mg/ml). 
Dhunin is also synthesized via reconstitution of P450ox with p-hydroxyphenylacetaldehyde 
oxlme (leaving out P450tyr and tyrosine from the reaction mixtures any additional 
components being unchanged.). These assays contain either 0.5 ^1 of [U-^*C]-p- 
hydroxyphenylacetaldehyd oxime (0.014 jiCy^il, 394 mCi/mmol) or 3 ^1 of unlabelled p- 
hydroxyphenylacetaldehyde oxlme (20 mM) as substrate for P450ox. In the latter -case the 
radioactive label is 1 M of [U-^^CJ-UDPG (0.025 jiCi/fil, 287 mCl/mmol, Amersham). All 
reaction mixtures are prepared as duplicates. After incubation for 1 h at 30*C each set of 
reaction mixtures is applied to TLC sheets. The first set of reaction mixtures is analyzed 
using the ethyl acetate/toluene solvent as in example 4.5. The second set of reaction 
mixtures is analyzed using a solvent system consisting of ethyl acetate / acetone / 
dichloromethane / metiianol / water (20/15/6/5/4, vNNNN) In order to achieve separation of 
the hydrophilic product dhurrin from tyrosine and from the hydrophobic intermediates. 
Radlolabelled substrates and products are visualized using the STORM 840- 
phosphorimager. 

The combined use of Isolated P450TrR and P4S0ox in reconstitution experiments with 
radiolabeled tyrosine as substrate results in the production of p-hydroxyphenylacetonitrile 
and p-hydroxybenzaldehyde. This demonstrates that P450^ and P450ox are able to act 
together in vitro. The p-hydroxyphenylacetaldoxime produced by P45biYR is thus effectively 
used as a substrate by P450ox. No activity was observed in the absence of NADPH-P4S0 
oxidoreductase or in the absence of NAOPH. 

In vitro production of dhurrin using p-hydroxyphenylacetaldoxime as substrate was 
accomplished by reconstitution of P450ox together with partially purified soluble UDPQ 
glucosyltransferase In the presence of NAOPH and UOPG. A cDNA clone from sorghum 
encoding the UDPG glucosyltransferase which specifically utilizes p-hydroxymandelonitrlte 
as a substrate is not available. Accordingly, in the present stgdy a crude extract of the 
soluble UDPG glucosyltransferase from sorghum was used to glucosylate p-hydroxy- 
mandelonltrlle and to demonstrate the in vitro reconstitution of the entire dhurrin 
biosynthetic pathway. The radiolabeled p-hydroxyphenylacetaldoxime applied was fully 
metabolized. Castanospermine was added to inhibit the glucosidase activity present in the 
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UDPG glucosyltransf erase preparation. In addition to the TLC system used above for 
separation of hydrophobic compounds, an additional TLC system was introduced for the 
separation of hydrophilic compounds like dhurrln. The p-hydroxymandelonKrile formed in 
the reconstitution assay was partly converted to dhurrln as demonstrated by the formation 
of a radiolabeled compound comigrating with authentic dhurrln. The assignment of this 
radiolabeled compound as dhurrln was further substantiated by its breakdown in the 
absence of castanospermine, and by the formation of a comigrating radiolabeled product 
when the experiment was repeated with radiolabeled UDPG Instead of radiolabeled p- 
hydroxyphenylacetaldoxime. The radiolabeled UDPG unspecifically labeled a range of 
relatively hydrophilic compounds. Due to the lability of p*hydroxymandelonitrile its 
conversion to dhurrln is experimentally detected as a disappearance of p- 
hydroxybenzaldehyde. When radiolabeled p-hydroxyphenyl-acetaldoxime was used as 
substrate, a number of unidentified, hydrophobic, radiolabeled compounds were produced 
in addition to dhurrin. The formation of these compounds occurs in the absence of UDPG 
but requires the presence of the soluble extract, which indicates that the UDPG 
glucosyltransferase extract contains additional enzymatic activities. Glucosylation of the 
phenolic group of p-hydroxymandelonitrile would result in the formation of p- 
glucopyranosyloxymandelonitrile. No radiolabeled product comigrating with an authentic 
standard of p-glucopyranosyloxymandelonitrile was observed. The glucosidase activity 
present in the UDPG glucosyltransferase extract was efficiently inhibited by 
castanospermine. 

Upon In vitro reconstitution, the turn-over number of PASOttr (CYP79) is 230 min""* 
(Sibbesen et al, J. Biol. Chem. 270: 3506-3511, 1995). The partial conversion of P450ox 
into its denatured P420 form prevents determination of its turn-over number. Using the 
microsomal system, the K^^ and Vj^^x values for p-hydroxymandelonltrlle produc^on from 
tyrosine, p-hydroxyphenylacetaldoxlme, and p-hydroxyphenylacetonitrile are 0.03, 0.05, and 
0.10 mM, and 145, 400, and 50 nmoles mg protein ^ h'\ respectively (M0ller et al, J. Biol. 
Chem. 254: 8575-8583, 1979). 

The entire dhurrin biosynthetic pathway starting from its parent amino acid tyrosine was 
reconstituted In vitro by combining P450TYRt P460ox, NADPH-P450 oxidoreductase in DLPC 
micelles with UDPG glucosyltransferase, tyrosine, NADPH, UDPG, and castanospemnine. 
Tyrosine is converted by P4507yb t o p-hydroxyphenylacetaldoxime, which is further 
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converted to p-hydroxyphenylacetonltrile and p-hydroxybenzaldehyde by P4S0ox. Some 
p-hydroxyphenylaceton!trile accumulates, whereas all the p-hydroxymandelonltrile formed is 
converted to dhurrin and some unidentified compounds. In this set of experiments, the 
stoichiometric ratio between PASOtyr and P450ox is approximately 15, It is therefore not 
surprising to detect the accumulation of the p-hydroxyphenylacetaldoxime in the 
reconstitution assay. The observed accumulation of p-hydroxyphenylacetonitrlle is 
unexpected since previous experiments with sorghum microsomes have shown that 
p4iydroxyphenylacetonitrlle is difficult to accumulate and trap. Partial denaturation or 
Inactlvation of the isolated P450ox may explain why p-hydroxyphenylacetonitrile 
accumulates in ttie reconstitution experiments with Isolated P4S0ox- 

4.6. Substrate binding 

The identification of P450ox as a multifunctional enzyme converting p-hydroxy- 
phenylacetaldoxime to p-hydroxymandelonitrile with p-hydroxyphenylacetonltrile as an 
intermediate stimulated us to Investigate the substrate binding ability of P450ox. A reverse 
type I spectrum with an absorption minimum at 381 nm and an absorption maximum at 
418 nm was obtained with p-hydroxyphenylacetaldoxime suggesting a shift from a high to a 
low spin state upon substrate addition. The amplitude increased In size upon incubation and 
reached a stable maximum after approximately 45 min. No substrate binding spectrum was 
obtained upon the addition of p-hydroxyphenylacetonitrile. 

P450ox was found to be much more labile compared to other P450 enzymes isolated from 
sorghum. The isolated P450ox produces a reverse Type I substrate birKJ'mg spectrum upon 
incubation with p-hydroxyphenylacetaldoxime. The extinction coefficient €42(^390 
corresponding to a complete transition from one spin state to the ottier Is 130 m^4"^cm'^ In 
the substrate binding spectra obtained, the ma)umal amplitudes are approximately twice as 
large as theoretically calculated even when assuming a complete shift from a high spin to a 
low spin state. This discrepancy indicates that the P450ox concentration was 
underestimated when quantified from the 450 nm peak in the carbon monoxide binding 
spectrum. Alternatively, the P420 form of P450ox is able to bind the oxime and thus 
contributes to the size of the substrate binding spectrum formed. The latter possibility could 
explain why maximal amplitudes are only obtained after prolonged incubation. 
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P450 mediated dehydration of aldoximes to nitriles has previously been reported using liver 
microsomes (DeMaster et al, J. Org. Chem. 5074-5075, 1992). A major difference between 
the liver microsomal system and P450ox is that the former requires strict anaerobic 
conditions whereas the latter proceeds aerobicallyt catalyzes a subsequent C-hydroxylation 
reaction, and metabolizes the (e)- as well as the (Z)*isomer. Under anaerobic conditions, a 
weak Type I spectrum is obtained with the liver microsomes. Upon addition of NADPH or 
dithionite, a pronounced Soret peak at 442-444 nm is formed* This is concluded to 
represent the key active species of the P4S0 in the Fe (II) state. Spectral investigations of 
P450ox under anaerobic conditions did not disclose the formation of a 442 nm absorbing 
complex, but the presence of NADPH is required for catalytic activity which indicates that 
P450ox also needs to be in the Fe (II) state to mediate the dehydration reaction. 

Examole 5 : A-type cytochrome P4S0 probe generation 

PCR was performed on plasmid DNA isolated from a unidirectional plasmid cDNA library 
(Invitrogen) made from 1-2 cm high etiolated seedlings of Sorghum blcolor(L) Moench 
using highly degenerated inosine (i) containing primers preferentially selecting for A-type 
cytochromes P450 (Nelson and Durst. Drug Metabolism and Drug InteracHons 12: 189-206 
(1995)). Primer 1 (sense strand) with the sequence 5 '-GCGGAATTCTTYXXX<x:ngar 
MGNTT-3 ' (SEQ ID NO:5) covers the consensus amino acid sequence FXPERF (SEQ ID 
NO:6) where X is any amino acid* Primer 2 (antisense strand) with the sequence 5 
GCGGATCCiliRCAlilNCKNCKNCC-3 ' (SEQ ID NO:?) covers the consensus amirH> acid 
sequence GRRXCXG (SEQ ID NO:8). Primer 1 and primer 2 were tailed with £ccf\\ and 
BamHI sites, respectively, to ensure that only PCR products generated from both primers 
were cloned in EcoRI/BamiHi digested pBluescript II SK (Strategene). PCR was performed 
in two consecutive rounds. Round 1 using primer 1 and standard T7 primer 5'- 
AATACGACTCACTATAG-3 ' (SEQ ID NO:9) enriches the pool of cDNA er>coding A-type 
cytochromes P450. Round 2 including primer 1 and primer 2 generated predominantly one 
band of approximately 100 bp specific for A-type cytochromes P450. The PCR reaction for 
round 1 was set up in a total volume of 100 \x\ containing 5% DMSO, 200 pM dNTPs, 
200 pmol of primer 1, 100 pmol of standard T7 primer, 2.S units Taq DNA Polymerase In 
PCR buffer and 1 pl of 100 times diluted plasmid DNA from the cDNA library. The PCR 
reaction for round 2 was set up in a total of 100 pi containing 5% DMSO, 200 pM dNTPs, 
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200 pmol of primer 1 and primer 2. 2.5 units Tag DNA Polymerase in PCR buffer and 1 \x\ of 
product obtained from PCR round 1. For both rounds of PCR, one cycle of 5 min at 95'C 
was followed by 35 cycles of 30 sec at SS'^C. 1 min at 50*^. and 30 sec 72*C. The 
approximate 100 bp product of PCR round 2 was excised from a 2% agarose gel and 
reamplified prior to cloning Into pBluescrtpt. Of the 19 clones sequenced, 10 had very high 
sequence Identity on the amino add level to clnnamic acid hydroxylase (CYP 74) and were 
therefore not further studied. Sequence comparisons of the remaining 9 sequences divided 
these into two groups of 8 and 1 sequences and were denoted •I 2" and "T". respectively. A 
sequence "12" gene specific primer located between primer 1 and primer 2: 5 ' - 
GCGGATCCGACTACTACGGCTCGC-3 ' (SEQ ID NO:10) and primer 
5 '-GCGGATCCTTTTTTTTTTTTTTT^ ' (SEQ ID NO:11) both tailed with BamHI were 
used to amplify a •12* gene specific fragment of approximately 500 bp from PCR round 1 
and cloned into pBluescript. Simllariy a gene specific fragment for "T" was obtained using 
the V gene specific primer 5 ' -gcggatcCGACATCAAGGGCAGCG-3 ' (SEQ ID NO:12) 
and primer 5 '*gcGGATCCTTTTTTTTTTTTTTTTV-3 '(SEQ ID NO:11). Inserts were 
labelled with Digoxigenln-11-dUTP (Boehringer Mannheim) by PCR amplification with 
standard T7 and T3 primers according to the manufacturers instructions and used to screen 
the cDNA library. 

Example 6 : Library screening and DNA sequencing 

All filter hybridizations were done using the DIG system (Boehringer Mannheim). Colony lifts 
were prepared using nylon membranes (Boehringer Mannheim) and hybridized over night at 
68*C in SxSSC, 0.1% N-lauroylsarcoslne, 0.02% SDS. 1% Bloclclng Reagent (Boehringer 
Mannheim). RIters were washed twice for 15 minutes in O.lxSSC, 0,1% SDS, at SS^'C prior 
to detection. Full-length clones were obtained for both "12' and "7" as evidenced by 
sequence analysis. Sequencing was done using the Thermo Sequenase Fluorescent 
labelled Primer cycle sequencing l<lt (7-deaza dQTP) (Amersham) and analyzed on an ALF- 
Express (Pharmacia). Sequence computer analysis was done using the programs in the 
QCG Wisconsin SequenceAnalysls Pacl<age. The full-length cDNA sequence of P450ox 
and the derived amino acid sequence of the coding region as obtained from nucleotide 
sequencing of "12" are given In is given in SEQ ID NO: 1 and SEQ ID NO: 2, respectively. 
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Example 7 : Expression in E. Coli 

The expression vector pSP19g10L (Barnes, Methods In Enzymology 272: 3-14, 1996) was 
obtained from Dr. Henry Barnes (Synthetic Genetics/Immune Complex Incorporation, San 
Diego, CA). This plasmid contains the /acZpromoter fused to the short leader sequence of 
the gene 10 from T7 bacteriophage. glOL. which has been documented as an excellent 
leader sequence for the expression of various heterologous proteins (OHn etal., 1988). "7" 
and •'12* were modified by PGR using Pivo-polymerase (Boehringer Mannheim) to introduce 
a Nde\ site at the start codon and to change the slop codon to an <kdire stop codon 
immediately followed by a HincAM sAe. For generation of an expression done for V" primer 3 
(sense strand) 5 ' -CGCGGATCCATATGGACGCATCATTA<nK:CTCTCC^ 
3 '(SEQ ID NO:13) and primer 4 (antisense strand) 5 ' -CGCAAGCTTATTACATCTCAAC 
GGGGACCCT-3 '(SEQ ID NO:14) were used. Primer 3 introduces silent mutations in 
codons 3, 4, and 5 to reduce the G/C content around the translation start site and a BamHI 
site immediately upstream of the Ndel site. The obtained PGR fragment was digested with 
BamHI and HindW and ligated into BamHI and H/ncfltl digested pBluescript and controlled by 
sequencing to exclude PGR errors. Similarly was introduced into pBluescript using 
primers (sense strand) 5 '-CGCGGATGCATATGGCAACAACAGCAACCCCG^^ 
3 '(SEQ ID NO:15) and primer 6 (antisense strand) 5 '--cgcaagcttattatgctgcgcqgc 
GGTTCTTGTATTTGG-3 ' (SEQ ID NO:16). Primer 5 introduces silent mutations In codons 
2, 3, 4. and 5 and primer 6 introduces silent mutations in the last 2 codons to reduce the 
G/G content. The inserts were cut out using Ntfel and H/ndll and ligated into A/del and 
HIndiM digested pSP19g10L. Expression plasmids were transformed into E. coll 
cells. Single colonies were grown ovemlght In LB medium containing 100 mg amplcilliri/ml at 
37''C, and 5 ml of the ovemlght culture used to Inoculate SOO ml of TB medium containing 
50 mg/ml ampidllin, 1 mM thiamine, 1 mM isopropyl -^thiogalactopyranoside, and 1 mM 5- 
aminolevulinic acid. Cells were grown at ZB^'C for 48 hours at 125 rpm. 1 ml of €. coli 
transformed with expression constructs of T" , "12", and pSP19g10L were pelleted through 
centrHugatlon (2000g. 10 min), washed and concentrated 10 fold in 50 mM Triclne pH 7.9 
and incubated with 1 4 nCl [U-^^G] p*hydroxyphenylacetaldehyde oxime with a specific 
activity of 394 mGi/mmol at 30*C for 30 min. The incubation mixtures were extracted with 
ethyl acetat, applied to a TLG plate (Silica gel 60 F254, Merck), developed using an ethyl 
acetate/toluene (1:5 wN) mixture as mobile phase, and visualized using a STORM 840 from 
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Molecular Dynamics. E. co// transformed with the construct expressing -12" was able to 
convert p-hydroxyphenylacetaldehyde oxime Into p-hydroxyphenylacetonltrile. 

CO difference spectra of solubilized spheroblasts of E. coll expressing P450ox contained a 
major peak at 417 nm and a minor peak at 457 nm. Generally, a CO spectrum with an 
absorbance peak around 420 nm is Indicative of a cytochrome P4S0 in a non-functional 
conformation (Imai et ai, Eur. J. Blochem. 1 : 419-426. 1964). The presence of a major peak 
at 417 nm suggests that the majority of the expressed cytochrome P450 was present in a 
non-functional confonmation. The apparent shift In absorbance peak from 450 nm to 457 nm 
may be due to the presence of large amounts of cytochrome P4S0 in the non- 
conformatlonal state. Based on the peak at 457 nm, the production was estimated to be 
50 nmol of of P450ox per liter £. co/icuKure per 65 hours. 

5 pi membranes isolated as described in Halkier et al. Archives of Biochemistry and 
Biophysics 322: 369-377, 1995. from E. co// expressing -12" was reconstituted with 0.225 
units NADPH-cytochrome P4S0-reductase , 50 pg NADPH, 4 2 nCi 
p-hydroxyphenyiacetaldehyde oxime. and 100 pg dilaurylphosphatidylchollne In a total 
volume of 100 pi of 30 mM Triclne pH 7.9. After incubation at SO'^C for 30 minutes the 
reaction mixture was applied to a TLC plate and analyzed as described above. 
Reconstitution of membranes from E. co// expressing "12" resulted in ttie accumulation of p- 
hydroxybenzaldehyde which is the stable dissociation product of p-hydroxymandelonitrile, 
the last intermediate In the biosynthesis of the cyanogenic giucoside dhurrin. This shows 
that demonstrates that "12" is the cytochrome P450 that catalyzes the conversion of 
p-hydroxyphenylacetaldehyde oxime to p-hydroxymandeionitrile. The cDNA is <lesignated 
P450ox. A clone comprising the described cDNA of P450ox has been deposited on January 
10, 1997 with the DSMZ-Deutsche Sammlung von MIkroorganismen und Zellkulturen 
GmbH. Mascheroder Weg lb, D-38124 Braunschweig, under the accession number OSM 
11367. 

When radioactively labeled p-hydroxyphenylacetaldo)dme was administrated to E. co//ce1ls 
transformed with P450ox> p-hydroxyphenylacetonltrile accumulated in the P450o)r 
expresslng E. co// cells. £ co//. which does not contain endogenous cytochromes P4S0 or a 
NADPH-cytochrome P450-reductase, has been shown to support the catalytic activity of 
heterologousty expressed cytochromes P4S0. Two soluble f . coll flavoproteins. flavodoxin 
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and NADPH-flavodoxin reductase, donate the reducing equivalents to the recombinant 
cytochromes P450, Reconstitution of isolated co// membranes or purified recombinant 
enzyme with sorghum NADPH-cytochrome P450-reductase results in the conversion of 
p-hydroxyphenylacetaldoxime to p-hydroxymandelonitrile, whereas P450ox -expressing E. 
CO// cells metabolize p-hydroxyphenylacetaldoxime to only p-hydroxyphenylacetonltrWe* The 
inability of coll to support the conversion of p-hydroxyphenylacetonitrile to 
p-hydroxymandelonltrile is the first example that the E. co//flavodoxlnANADPH-flavodoxin 
reductase system is not able to support the catalytic activity of a microsomal cytochrome 
P450 reaction. Preliminary reconstitution experiments with the membranous and soluble 
fractions of P450ox-expresslng E. co// cells have shown that the soluble flavodoxin/NADPH- 
ftavodoxin reductase system only supports P450ox in the conversion of 
hydroxyphenylacetaldoxime to p-hydroxyphenylacetonltrile, and that an inhibitory factor 
hampering the subsequent hydroxylation reaction is not present in the soluble fraction. The 
inability of E. co// to support full P450ox activity might reflect the atypical catalytic reactivity 
of P450ox. In E. coll cells transformed with P450ox or with the expression vector a 
compound with a slightly lower mobility than p-hydroxyphenylacetaldoxime accumulated. 
This shows that E. colt is able to metabolize p-hydroxyphenylacetaldoxime independent of 
the presence of P450ox. 

Examole 8 : Purification of recombinant P450ox (CYP71E1) 

Spheroblasts from 2 I E- coll expressing P450ox were were subjected to temperature- 
Induced phase partitioning with 1% Triton X-114 as previously described (Halkler et al. 
Archives of Biochemistry and Biophysics 322: 369-377. 1995). The P450ox containing 
upper phase was diluted 100 fold in 10 mM KPi pH 7.0, 0.05% reduced Triton X-100, 1 mM 
DTT, 0.5 mM PMSF, the pH adjusted to 7.0 with acetic acid, and applied to a 16 ml fast flow 
CM-Sepharose column (Phanmacia) equilibrated In buffer D <10 mM KP| pH 7.0, 0.2% Triton 
X-114. 0.05% reduced Triton X-100, 10% glycerol, 1 mM DTT. 0.5% PMSF). The column 
was washed in buffer D and P450ox eluted with a 0-1 M KCI linear gradient (350 ml) in 
buffer D. The combined P450ox containing fractions (43 ml) were used for the reconstitution 
experiments and electroeluted recombinant P450ox was used for antibody production In 
chicken. 
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Purified recombinant P450ox reconstituted with NADPH-cytoctirome P450-reductase in 
DLPC catalyses the conversion of p*hydroxyphenylacetaidehyde oxime to p*hydroxy- 
mandelonitrile in the presence of NADPH as described in example 4 section 4.2 for the 
purification of the plant enzyme. 

Example 9: Expression of dhurrin in transgenic Arabidppsis and tobacco 
9.1 Construction of vector plasmids 

Three binary vectors for Agrobacterium tumefaciens mediated transformation, namely 
pPZP1 1 1 .79, pPZP221 .71 E1 . and pPZP1 1 1 .79.71 El , are generated* 
For the construction of pPZPI 11 .79 a cDNA clone of P4S0tyr (WO 95/1 6041 ; Koch et al, 
Arch Biochem Btophys 323:177-186, 1995) is first excised with EcoBI and introduced Into 
the EcoRI site of pRTIOI (Kopfer et al, Nucleic Acids Research 15: S890, 1987) to 
functionally Join the cDNA to the 35S-promoter and a CaMV polyadenylation signal 
generating plasmid pRTIOI .79. Prior to the introduction of the P450tyr cDNA a part of the 
pRTIOI polylintcer is removed by digestion with Sac/ and Xba/ followed by religation of the 
blunt-ended ends obtained by Klenow treatment, thus leaving only the EcoRI and Xhol sixes 
available. P450tyr including the 35S-prom6ter and CaMV polyadenylation signal is excised 
from pRT101«79 using SphL Jo generate plasmid pPZP1 11.79 the ends are blunt-ended 
with Klenow polymerase and the fragment obtained is ligated into £cof?/ cut plasmid 
pPZPI1 1 (Hajdukiewicz et al. Plant Mol Biol 25: 989-994, 1994), the ends of which have 
been blunt-ended with Klenow polymerase, too, and dephpsphorylated. 
For the construction of pPZP221.71E1 the cDNA clone of P450ox is first excised with Kpnl 
and Xda/and ligated Into the Kpnl and Xbal sWes of pRTIOI, generating pRTIOI .71 El. 
Subsequently P450ox including the 35S-promoter and CaMV polyadenylation signal is 
excised from pRTIOI ,71 El with HIndlll and ligated Into the Hindlll site of pPZP221 
(Hajdukiewicz et al. Plant Mol Biol 25: 989-994, 1 994) thus generating pPZP221 .71 El . 
For the construction of pPZP1 1 1 .79.71 El the cDNA clone of P4S0ox including the 3SS- 
promoter and the CaMV polyadenylation signal is excised from pPZP221.71E1 using 
Hindlll. blunt-ended with Klenow polymerase and ligatdd into the 5/na/ site of pPZP1 11.79. 
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9.2 Transformation of Arabldopsis thallana 

The binary vectors pPZP111, pPZP221. pPZP111.79, pPZP221 .71 El , and 
pPZP11 1.79-71 El are Introduced into Agrobacterium ftimefac/ens strain C58C1/pGV3850 
by electroporation as described by Wenjun and Forde, Nucleic Acids Research 17: 8385, 
1989. Arabldopsis thallana ecotype Colombia is transformed by vacuum infiltration 
essentially as described by the method of Bechtold et ai. Molecular Biology and Genetics 
316: 1194-1 199, 1993. Transformants are selected on MS plates containing either SO \xgfm\ 
kanamycin for the pPZP1 1 1 vector series, or 200 iig/ml gentamycin sulfate for the pPZP221 
vector series. 4 to 6 weeks after germination kanamycin or gentamycin resistant plants are 
transferred to soil. 

9«3 Transformation of Nieotlana tabaeum cv Xhanti 

NIcotiana tabaeum cv Xhanti is transformed essentially by the leaf disc method of Svab et al 
{Methods in Plant Molecular Biology, Cold Spring Harbor, pp. 55-60, 1995) using 
Agrobacterium fumefec/ens C58C1/pGV3850 transformed with either pPZP111.79, 
pPZP221.71E1, or pPZPI1 1.79,71 El, lOO^g/ml kanamycin Is used for selection of 
transformants with the pPZP1 11.79 vector, 100 ^ig/ml gentamycin sulfate for selection of 
transformants with the pPZP221 .71 E1 vector, and 60fig/ml G-418 for selection of 
transformants with the pPZP1 11. 79.71 E1 vector. After rooting the tobacco plants are 
transferred to soil and grown in a greenhouse. 

9^ Determination of dhurrin 

The dhurrin content is quantified using the spectrophotometric cyanide assay previously 
described by HaMer et al (Plant Physiol 90: 1552-1 559, 1989) except that 5-10 mg of leaf 
tissue is frozen and thawed three times before adding 0.1 mg p-d-glucosidase Type II 
(Sigma). 

9*5 Analysis of transgenic Arabldopsis thallana 

Detailed leaves of A thallarta are fed 2 ^i of (U-14C)-tyrosine (0.05 443 mCi/mmol, 
Amersham), and left over night in 100 iil in closed eppendorf tubes. Metabolites are 
extracted with boiling 90% methanol for 5 min, the extracts concentrated, and applied to 
TLC sheets (Silica gel 60 F254«). Metabolites are separated in three different solvent systems 
depending on their hydrophobidty/hydrophiliclty. The solvent system ethyl acetate/acetone/ 
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dichloromethane/methanolAfvater (20/15/6/5/4, v/v/v/v/v) preferentially separates the 
different cyanogenic glucosldes. The solvent system isopropanol/ethyl acetate/w^ter (7/1/2) 
separates the different glucoslnolates. The solvent system toluene/ethyl acetate (S/1 ) 
separates the hydrophobic intenmedlates, Radiolabelled substrates and products are 
visualized using a STORM 840 phosphorimager (Molecular Dynamics, USA). 

Methanol extracts of A. thaliana leaves analyzed by TLC of plants transfonmed with both 
P450TYRand P450oxusing A. ft//nefac/ensC58C1/pQV3850/pPZP1 11. 79.71 E1 reveals the 
presence of a new compound that co-migrates with the cyanogenic glucostde dhunln. 
Feeding radiolabelled tyrosine to detached leaves shows that the radiotabel is contsuned in 
the band that co-migrates with dhunln. Analysis of whole leaf tissue of the transformed 
plants by a colorimetric cyanide assay (Lambert etaL, 1975, Analytic Chemistry 47, 917- 
919) reveals that the T1 transformants contained between 1 and 6 nmol cyanide/mg fresh 
weight. In comparison, control plants only transformed with nptll using A. tumefaciens 
C58C1/pGV3850/pPZP1 1 1 showed a cyanide content of 1 .2 ± 0.35 nmol cyanide/mg fresh 
weight. Wild-type plants of A. thaliana have not been reported to contain cyanogenic 
glucosldes, and the apparent levels of cyanide detected in the control plants most likely 
reflects the presence of thiocyanates. Thiocyanates are breakdown products of 
glucoslnolates, and are known to give a false reaction in the colorimetric cyanide assay 
(Epstein, 1 974. Analytic Chemistry 1 9. 272-274). 

The obsen/ed production of large amounts of the cyanogenic glucoside dhurrin as a result 
of the introduction of both P450TYRand P450oxas exemplified with A thaliana demonstrates 
that a suitable UDP-glucosyltransferase is present which glucosylates the p-hydroxymandel- 
onltrile formed in the correct position. Since the stereospecificity of the glycosyltransferase 
is not known the possibility exists that the cyanogenic glucoside produced is sK^tually 
taxiphyllin which is ttie epimer (minx>r image isomer) of dhunin. 

When P450tyr is introduced by A. tumafadens CS8C1/pGV385Q/pPZP1 1 1 .79 into A. 
thaliana large quantities of a compound that co-migrates with the tyrosine derived 
giucoslrK>late p-hydroxybenzyl glucoslrK>late accumulates. This documents that the 
introduction of P450tyr results in the generation of p-hydroxyphenylacetaldoxime from 
tyrosine. The tyrosine derived o)dme is then further metat>dized by ttie enzymes in the 
glucosinolate pathway to p-hydroxybenzyl glucosinolate. This strongly indicates that the 
enzymes downstream of the oxime in the glucosinolate pathway have a tow substrate 
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specificity with respect to the stnjcture of the side chain and that the glucosinolate profile In 
general is determined by the substrate specificity of the first cytochrome P4S0 In the 
pathway. 

The substrate spedf idty of P450ox is not as narrow as that of P450tyr. P4S0ox can 
metabolize other amino acid derived oximes as exemplified by the phenylalanine derived 
oxime. phenylacetaldoxime, whereas PASOrmcan only metatjolize tyrosine. By Introducing 
P450ox into glucosinolate producing plants, it can therefore be expected that cyanogenic 
giucosides accumulate as generated from amino add derived oximes in the ghicosinotate 
biosynthetic pathway. 

Because P4507yr and P450ox interact with the enzymes and the precursors in the 
glucosinolate biosynthetic pathway it is expected that the glucosinolate profile will also be 
altered. 

9.6 Analysis of transgenic Nicotiana tabacum cv Xhanti 

Microsomes isolated from tobacco plants transformed with pPZP111.79 and functionally 
expressing CYP79 catalyze the fonmatlon of tyrosine to p-hydroxyphenylacetaldoxime. 
Methanol extracts from detached tobacco leaves expressing CYP79 and fed radioactive 
labeled tyrosine contain three additional labeled bands compared to wild-type tobacco 
plants when analyzed by TLC using the solvent system isopropanol/ethyl acetate/water 
(7/1/2). The additional three bands co-migrate on the TLCs with labeled bands detected in 
wild-type tobacco plants fed radioactive labeled p-zydroxyphenyiacetatdoxime. When 
analyzed in the solvent system toluene/ethyl acetate <S/1) one of the bands is confimned to 
be p-hydroxyphenylacetaldoxime as evidenced by co-migration with cold standards*. The 
Identity of the two additional bands is not yet icnow, but from their mobility in fte two solvent 
systems they are judged to be less hydrophobic than p-hydroxyphenytacetaldoxime. and 
most likely they are glycosylated derivatives of p-hydroxyphenylacetaldoxime. Analyzes of 
the CYP79 plants confirms that CYP79 can be expressed functionally In tobacco and that 
some free p-hydroxyphenylacetaldoxime Is generated, but that the majority of thep- 
hydroxyphenylacetaldoxime generated is further metabolized by the plants. 
Plants expressing both P450tyr and P450ox can be obtained by crossing plant expressing 
P450tyr with plants expressing P450ox- Alternatively, plants expressing P450tyr or P4S0ox 
can be re-transformed with A. fc//n©fac/ens C58Cl/pGV38S0/pPZP221.71€1 or A 
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f£//nefac/ens C5BC1/pGV385Q/ pPZP1 11.79 taking advantage of the fact that the two 
cytochromes P450 constructs are linked to the two different non exclusive resistant 
markers, nptll and aacCL 

Example 10: Expression of dhurrin in transgenic maize 
10.1 Construction of Vector Plasmids 

The following two vectors, pCIB 9842 and pCIB 9833, are generated for biolistic 
transformation of maize with P450tyr and P4S0ox. 

pCIB 9842 : A cDNA clone encoding P450tyr doned into the £coRI site of pBluescript II SK 
as described in WO 95/1 6041 is used to generate a Bami-ll site at the start ATG codon and 
a Bgl 11 site at the stop codon by PGR. The BamHI-Bgl II fragment containing the P4S0tyr 
gene is cloned into BamHI and Bgl It cut pCIB 9805, a pUCl9 based plant expression 
vector engineered with Afill/Notl/AscI sites 256 base pairs upstream from the the i-iindlll site 
and 778 bp downstream from the Bglll site and containing the metallothlonin*like promoter 
disclosed In EP-A-452269 and the 358 terminator. 

dCIB 9833 : The P450ox cDNA done of Example doned into a Notl-BstXI site of pcDNAII 
(Invitrogen) is used to generate a BamHI site at the start ATG codon and a Bgl II site at the 
stop codon« The BamHI-Bgl 11 fragment containing the P450ox gene Is doned Into 
pCIB 9805 cut with BamHI and Bgl II, too. 

10^ Methods of Transformation of Maize 

Type I embryogenic callus cultures (Green et al, 1983; Wan et al, 1994) of a Lancaster- 
type inbred are initiated from immature embryos, 1 .5 - 2.5 mm in length. Embryos are 
aseptically excised from surface-sterilized, greenhous-grown ears approximately 14 days 
after pollination, placed on Duncan's csdius initiation medium with 2% sucrose and 5mg/i 
chioramben, arKi cultured in the dark. Embryogenic responses are removed from the 
explants after about 14 days and placed onto Duncan's maintenance medium with 2% 
sucrose and 0.5mg/l 2,4-d. After 4 to 8 weeks of weekly subculture to fresh maintenance 
medium, high quality compact embryogenic cultures are established. Actively grownng 
embryogenic callus pieces are selected as target tissue for gene delivery. The callus 
pieces are plated onto target plates containing maintenance medium with 12% sucrose 
approximately 4 hours prior to gene delivery. The callus pieces are arranged in drdes, 8 
and 10 mm from the center of the target plate. Plasmid DNA is precipitated onto gokJ 
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microcarriers as described in the DuPont Biolistics manual. Two to three jig of each 
plasmid is used in each 6 shot microcarrier preparation. Genes are delivered to the target 
tissue cells using the PD8-1000He Biolistics device. The settings on the Biolistics device 
were as follows: 8 mm t>etween the rupture disc and the macrocarrier, 10 mm between the 
macrocarrier and the stopping screen and 7 cm between the stopping screen and the 
target. Each target plate is shot twice using 650 psi rupture discs. A 200 x 200 stainless 
steel mesh (McMaster-Carr, New Boinswidc, NJ) Is placed between the stopping screen and 
the target tissue. Seven days after gene deliveiy. target tissue pieces are transferred from 
the high osmotic medium to selection medium containing 100 - 120mg/l glufosinate 
ammonium (Basta). All amino acids are removed from the selection medium. After 5 to 8 
weeics on high level selection medium, any growing colonies are subcultured to medium 
containing 20mg/l Basta. The embryogenic callus is subcultured every 2 weeics for 4 to 8 
weeks and then transferred to a modified MS medium containing 3% sucrose, 0.2Smg/l 
ancymidol, 0.5mg/l kinetin and no selection agent and placed in the light, Arw:ymidol and 
kinetin are removed after 2 weeks. Regenerating shoofe with or without roots are 
transferred to Magenta boxes containing MS medium with 3% sucrose and small f^ants wttti 
roots are eventually recovered and transferred to soil in the greenhouse. 

Example 11: Identification of P450tyr homologues in glucosinolate containing species by 
PGR 

Based on a computer sequence alignment of an Arabldopsis P450tyr homologue EST 
(accession number T42902) and a P450tyr homologue from Sinapis two degenerate primer 
oligonucleotides are designed which allow to amplify PGR fragments of P4S0tyr 
homologues from genomic DNA of glucosirK>late containing species. Sense strand primer : 
(5'-QCGQAATTCAARCCIGARMQICAYYT-3') covers the conserved amino acid sequence 
KPERHL (SEQ ID NO: 18) and includes an EooRI cloning site. Antisense strand primer 2 
(5'-GCGGATGGRGAIGCICKYTnCGNGT-3') covers the consented amino acid sequence 
TGKRGG (SEQ ID NO: 19) and includes a BamHi cloning site. PGR is perfonmedon 
genomic DNA prepared with the Nucleon Phytopure Plant DNA Extraction kit of Amersham. 
PGR reactions are set up in a total volume of 100 pi containing 5 % DMSO, 200 ]M dNTPs, 
200 pmol of each primer, 2.5 units Tag polymerase in PGR buffer (SO mM KGI, 10 mM Trie- 
HGl (pH 8.8), 1 .5 mM MgGIa, and 0.1 % Triton X-100) using 1 ^g of genomic DNA from 
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either Sinapia alba, A. thallana, Brassica napus, Tropaeolum majus, or N. tabacumcst 
Xhanti. PGR is performed using four sequential stages: 
stage 1 : one cycle of 5 min at 95"^; 

stage 2: 5 cycles of 30 s at 95''C , 30 s at SS^'C , 30 s at 7Z'0\ 
stage 3: 30 cycles of 30 s at gs^'C . 30 s at GO^'C • 30 s at 72°C; and 
stage 4: one cyde of S min at IZ'C 

Jo generate sufficient amounts of the approximately 100 bp band from T. majus, stage 2 
can be modified to 5 cycles of 30 s at gs^'C , 30 s at SO^'C , 30 s at 71 ""C. 
PGR products are purified using the QIAquick PGR Purification Kit (Qiagen)» restriction 
digested with EcoRI and BamH\ and separated on a 3% TAE agarose geL The dominant 
approximately 100 bp band is excised, and ligated into EcoRI/6am)-1l linearized 
pBluescript II SK (Stratagene). Approximately 10 clones from each of the 5 species are 
sequenced using the Thenmo Sequence Fluorescent-labelled Primer cycle sequencing kit 
(7-d6aza dGTP) (Amersham) and analyzed on an ALF-Express (Pharmacia). 

From the four glucosindate containing species S. alba, A thaliana, B. napus, and T. majus 
PGR fragments encoding the conserved amino acid sequence, KPERH<L/F)NECSEVTLT 
ENDLRFISFSTGKRGC (SEQ ID NOs: 20 and 21. respectively) are identified. This 
consensus amino acid sequence Is ideritical to the P450rm homologue sequences from S. 
alba and A. thaliana previously identified and highly similar to the sorghum P4S0iyr amino 
acid sequence. From the non-glucosinolate containing plant N. tabacum cv Xhanti a PGR 
fragment encoding this consensus sequence could not be identified. The presence of this 
P450TYFt homologue consensus amino acid sequence in the exemplified four glucosinolate 
containing plant species indicates that an amino acid A^hydroxylase cytochrome P450 of 
the P450tyr family converts the parent amino acids or chain elongated parent amino acids 
into the conresponding oximes in glucosinolate species. The generation of PGR fragments 
specific for the P450tyr homologues allow the isolation of homologous cDNA or genomic 
clones from corresporKiing libraries. 

Although the foregoing invention has been described in some detail by way of illustration 
and example for purposes of clarity of understanding, it will be obvious that certain char>ges 
and modifications may be practiced within the scope of the appended claims. 
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SE9QC3E29CE USTBC 



SEQUENCE ZiXSrjNG 



(1) GEIIERAL XNFOBMATIGN: 

(i) APELICMir; 

(A) NAME: CIBA-GEKSnr AG 

(B) STOEET: Klybeckstr. 141 
<C) CITY: Basel 

<E) COWUBdz Switzerland 

(F) POSTAL CODE (ZIP) : 4002 

(G) TOTAgP HTMR. 4-41 61 69 11 11 

(H) TEIiEERXr + 41 61 696 79 76 

(I) TELEX: 962 991 

(A) NAME: Kpyal Veterinary & Agricultural XJfaiversity 

(B) STREET: 40, O^iorvaldsensvej 

(C) cnY: Fcederiksberg 

(D) SEATS: Copenhagen 

(E) OOUNTBY: Denmark 

(F) POSTAL OOEE {ZIP) : 1871 

(ii) TITLE OF INVENTICN: Cytochrome P450 ManoGo^genases 
(iii) NUMBER OF SBOUENCES: 21 

(iv) CCMEOTER REACftBLE FORM: 

(A) MEDIUM T5^: Floppy disk 

(B) OQMEUTER: XEM PC conpatible 

(C) OEH»TINC3 SnrSTEM: PC-DOS/MS-'DOS 

(D) SQFIWARE: Patentin Release #1.0, Version #1.25 <EPO) 



(2) INPCSRMATICN FOR SBQ ID ND: 1: 

(i) SBQUBNCE CHARACIESIISTICS: 

(A) US^XSmi 1929 base pairs 

(B) TtBBi nucleic acid 

(C) SIRANZ^EZX^ESS: double 

(D) TOPOLCXSf: linear 

(ii) MQUTOLE T^: dCNA 



(vii) IMMEDIATE SOURCE: 
(B) CLGNE: P450QK 

(ix) FEA3URE: 

(A) NAME/KEY: CDS 

(B) liXATICN: 81.. 1673 
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(Xi) SBSUENCE DESCRIOTICN: SBQ ID NO: 1: 



CAGftGCIftGA AQCAQCTCftC ACTOCftCACT airiCia30CX: GQGCft3!W30C CAAGGCAAGC 



60 




110 



QGC QGC AGC G?ro CX3G CAG CAG TOG CftG AOS TQC CTC CIG CIG CTC CTC 1S8 
Glv GlY Ser Val Pro Gin Gin Tip Gin Otor Cys Leu Val Leu Leu 
15 20 25 

CCT GIG CTO CTG GTO TOC TAC TAC CTC CTC ACC AGC AOG AGC A£3G AAC 206 
Pro Val Leu Leu Val Ser l^r Tyr Leu Leu Ihr Ser Arg Ser Arg Asn* 
30 35 40 

AGG AGC AGG AGC QGC AAG CTG GGC GOG <XX5 COG COG CTG COG OCXS QGC -254 
Arg Ser Arg Ser Gly lys Leu Gly Gly Ala Pro Arg Leu Pro Pro Gly 
45 50 55 

OCT GOG CAG CTG COG ATC CTG QGC AAC CTG CAC CTG CTG QGC GOG CTG 302 
Pro Ala Gin Leu Pro He Leu Gly Asn Leu His Leu Leu Gly Pro Leu 
60 65 70 

COG CAC AAG AAC CTC OGC GAG CTG GOG OGG OG6 TAC GGC OCC GIG ATG 350 
Pro His Lys Asn Leu Arg Glu Leu Ala Arg Arg Tyr Gly Pro Val Met 
75 80 85 90 

CAG CTC OCT CTA QGC ADC GIG COG AOS GIG GIG GTG TOC AGC GOG GAG 398 
Gin Leu Arg Leu Gly Ttor Val Pro Ttor Val Val Val Ser Ser Ala Glu 
95 100 105 

GOG GOG OGG GAG GIT dC AAG GIG CAC GWC GTC GftC TOO TQC AGC COG 44« 
Ala Ala Arg Glu Val Leu Lys Val His Asp Val Asp Cys qys Ser Arg 
110 115 120 

COG GOG TOG OOC QGT OCC AAG OGC dC TOC TAC GftC CTC AAG AAC GTC 494 
Pro Ala Ser Pro Gly Pro Lys Arg Leu Ser Tyr Asp Leu Lys Asn Val 



125 



130 



135 



GGC TTC GOG OOC TAC GGC CSNG TAC TOG OOC GAG ATG OOC AAG CTC TIC 
Gly Pbe Ala Pro Tyr Gly Glu Tyr Tcp Arg Glu Met Arg Leu Phe 
140 145 150 



542 



GOG CTC GAG CTC CTC AGC ATG OGC OOC GTC AAG GQC GOO TGC TAC GOG 
Ala Leu Glu Leu Leu Ser Met Arg Arg Val Lys Ala Ala Cys Tyr Ala 
155 160 165 170 



590 



OGC GAG CAG GAG ATG GAC AGG CTC GTC GOC GAC CTC GAC CX3C GOO GOC 
Arg Glu Gin Glu Mst Asp Arg Leu Val Ala A^p Leu Asp Arg Ala Ala 
175 180 185 



638 



GOG TOC AAG GOO TOC ATC GTC CTC AAC GAC CAC GTC TIC GOC CTC AGO 
Ala Ser Lys Ala Ser lie Val Leu Asn Asp His Val Phe Ala Leu Ttor 
190 195 200 



^6 
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G?MCQQCMCMCGQCACC(nCGCGTICGaCA^ 734 
ASP Gly lie lie Gly Itor Val Ala Phe Gly Asn lie IVr Ala Ser Lys 
205 210 215 

CAG TIC GCX3 CAC AAG GAG CGC TTC CftG CRC GIG CIG <aC GAC GCXT ATO 
Gin Phe Ala His Lys Glu Arg ttie Gin His Val Leu Asp A^ Ala Met 
220 225 230 



782 



878 



GAC ATO ATO QOC AQC TTC TOC OCX: GfiG GftC TIC TIC CXX! AftC GOC OCC 830 
Aso Met Met Ala Ser Hie Ser Ala Glu Asp Phe Phe Pro Am Ala Ala 

240 245 250 

GGC OGC CIC GCC GAC CGC CTC TOG GQC TIC CIC QOC CGC OGC GAG OQC * 
Gly Arg lisu Ala Asp Arg Leu Ser Gly Phe Leu Ala Arg Arg Glu Arg 
255 260 265 

ATC TIC AAC GAG CIC GAC GTC TIC TIC GAG AAG QTC ATC GAC CAG CAC 926 
He »e Asn Glu Leu Asp Val Phe Phe Glu Lys Val lie A^ Gin His 
270 275 280 

ATC GAC CCG GOG OGC OOC GTS COG GAC AAC QOC GQC GAC CTC <?1?C GAC 974 
Met Asp Pro Ala Axg Pro Val Pro Asp Asn Gly Gly Asp Leu Val A^ 
285 290 295 

CTC CIC ATC AAC CTG TC3C AAG GAG CAC GAC GGC AOG CTC OQC TTC ADC 1022 
Val Leu He Asn Leu Cys Lys Glu His 9^ Gly Thr Leu Arg «ie ISnac 
300 305 310 

AGG GAC CAC GTC AAG GOC ATC GIC CTC GAC AOC TIC ATC GQC GQC ATC 1070 
Ara Asp His Val lys Ala He Val Leu A^ Ttor Phe He XSly Ala He 
315 320 325 330 

GAC ACC AGC TCC GIC ACC ATC CIG TOG GOC ATC TOG GAG CTG ATC COG 1118 
Asp Itor Ser Ser Val Thr He Leu Trp Ala Miet Ser Glu Leu Met Arg 
335 340 345 

AAG COG CAG GIG CIG AGG AAG GOG CAG GCC GAG GIG OQG QOC GQC CTG 1166 
Lys Pro Gin Val Leu Arg Lys Ala Gin Ala Glu Val Arg Ala Ala Val 
350 355 360 

GQC GAC GAC AAG COG OQC GTC AAC TOG GAA GAC GOC GOC AAG ATC COG 1214 
Gly Asp Asp Lys Pro Arg Val Asn Ser Glu Asp Ala Ala tys He Pro 
365 370 375 

TAC CIG AAG ATC GTC GTC AAG GAG AOG CTG OGG CTC CAC OOG GOG <30G 1262 
lyr Leu Lys Met Val Val lys Glu Tfexr Leu Arg Leu Hie Pro Pro Ala 
380 385 390 

ACG CTC CIG GIG CCC CGG GAG ACG ATC OQG GAC ACC AOC ATC TOC GQC 1310 
Thr Leu Leu Val Pro Arg Glu Thr Met Arg Thr Ohr He <:ys Gly 
395 400 405 410 



TAC GAC GTG COG QOC AAC AOG OQC GIC TIC GIC AAC GOC T9G GCC ATC 
lyr Asp Val Pro Ala Asn Thr Arg Val Phe Val Asn Ala Trp Ala He 



1358 
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415 420 425 

GCX: AQG GAC COG QC3G AGC TGG CXX3 QCG CCC GAC <3AG TIC 035 <3»C 1406 
Gly Arg Asp Pro Ala Ser Tcp Pro Ala Pro A^ Glu Pbe Asn Pro Asp 
430 435 440 

COC TIC GIG QGG AQC GAC GIC GAC TAC TAC GGC TOG CAC TIC GAG CIC 1454 
Arg Phe Val Gly Ser Asp Val Asp Tyv OVr Gly Ser His Phe Glu Leu 
445 450 455 

ATA COG TTC QQG QOC QQC OQC OQG ATC TOC CGG GGA CTC AOC A3X3 GGC 1502 
He Pro Phe Gly Ala Gly Arg Arg He Cys Pro Gly teu Ote Mtet Gly 
460 465 470 

GAG ACC AAC GIC ACC TIC ADC CTC GOC AAC CTO dC TAC TOC TAC GAC 15S0 
Glu Ttxr Asn Val Thr Phe Thr Leu Ala Asn Leu Leu Tyr Cys Tyr Asp 
475 480 485 490 

TOG GOG Cro COG QQG GOC ATG AAG COG GAG GAC GIC AQC ATG GAG GAG 1598 
Trp Ala Leu Pro Gly Ala Met lys Pro Glu Asp Val Ser Met Glu XShi 
495 500 505 

ACC GGA GOG CTC ADG TTC CAC OGG AAG ADG COG CTT CTC CTIG GTG CCC 1646 
Ihr Gly Ala Leu Ihr Phe His Arg Lys Ihr Pro Leu Val Val Val Pro 
510 51S 520 

AOC AAA TAC AAG AAC OGC CGC GOC GOC TAGIGAGCAG AOQCX3AGCAG 1693 
TRxtr Lys Tyr Lys Asn Arg Arg Ala Ala 
525 530 

AGCAATOGTC GAOGAOSACG ACGAOGAOSA CTSAATAAGC GIGOCAAACT TTACTACTAC 1753 

GTACGTADGT AOCTACTGCT ACTAOGTACA GCTAGGCAAC AGTCAGAGTT QGACACTGTT 1813 

QGAQCTATCA 'XCCCjGl CC TC TICTmTGT GATSVDGTATT TGrTTATOIGT TTTAGTOOOG 1873 

CAAAQCACAA AAGAAAXAAA GOOCATCACA GTOGOQAQTC AAAAAAAAAA AAAAAA 1929 

(2) XNFORMATIGN FOR SESQ ZD NO: 2: 

(i) SBQCJElXrE CHAHACTERISnCS: 

(A) LENGflH: 531 amino acids 

(B) TYPE: amino acid 
(D) TOPQLCXSy: linear 

<ii) MDTiTTtJLE TilPEt protein 

(xi) SEQUETCE DESCRXPTIGM: SEQ ID NO: 2: 

Met Ala Ohr TAur Ala Ihr Pro Gin Leu Leu Gly Gly Ser Val Pro Gin 
1 5 10 15 

Gin Trp Gin Thr Cys Leu Leu Val Leu Leu Pro Val Leu Leu Val Ser 
20 25 30 
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TVr OVr Leu Leu TUac Ser Arg Ser Arg Am Arg Ser Arg Ser Gly Lys 
35 40 45 

Lax Gly Gly Ala Pro tog Ijea Pro Pro Gly Pro Ala Gin Pro He 
50 55 60 

Leu Gly Asn Leu His Leu Leu Gly Pro Leu Pro His Lys Asn Arg 
65 70 75 80 

Glu Leu Ala Arg Axg 'Tyr Gly Pro Val Met Gin Leu Arg Gly -nir 
85 90 95 

Val Pro Hn: Val Val Val Ser Ser Ala Glu Ala Ala Acg Glu Val I^* 
100 105 110 

Lys Val His Agp Val A^p qys Cys Ser Arg Pro Ala Ser Pro Gly Pro 
115 120 125 

Lys Arg Leu Ser Tyr A^ Leu Lys Asn Val Gly Phe Ala Pto Tyr Gly 
130 135 140 

Glu Tyr Trp Arg Glu Met Acg Lys Leu Phe Ala Leu Glu Leu Leu Ser 
145 150 155 1€0 

Met Arg Arg Val Lys Ala Ala Cys Tyr Ala Arg Glu Gin Glu Met Asp 
165 170 175 

Axg Leu Val Ala Asp Leu Asp Arg Ala Ala Ala Ser Lys Ala Ser lie 
180 185 190 

Val Leu Asn A^ His Val Ebe Ala Leu ftta: Asp Gly He He Gly Ttor 
195 200 205 

Val Ala Phe Gly Asn He Tyr Ala Ser Lys Gin Phe Ala His Lys Glu 
210 215 220 

Arg Kse Gin His Val Leu A:^ A^ Ala Met A^ Met Met Ala Ser Phe 
225 230 235 240 

Ser Ala Glu Asp Phe Phe Pro Asn Ala Ala Gly Arg Leu Ala A^ Arg 
245 250 255 

Leu Ser Gly Phe Leu Ala Arg Arg Glu Arg He Hie Asn Glu I«u Asp 
260 265 270 

Val Pbe Phe Glu I^ys Val He Asp Gin His Met A^ Pro Ala Arg Pro 
275 280 285 

Val Pro A^p Asn Gly Gly Asp Leu Val Asp Val leu He Asn Leu Cys 
290 295 300 

Lys Glu His A5P Gly Thr Leu Arg Phe Hir Arg Asp His Val Lys Ala 
305 310 315 320 
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lie Val Leu Asp Ttor Rie lie Gly Ala He A^ 'Ovc Ser Ser Val Tte 
325 330 335 

lie Leu Trp Ala Met Ser Glu Leu Met Arg Lys Pro Gin Val Leu Arg 
340 345 350 

Lys Ala Gin Ala Glu Val Arg Ala Ala Val Gly A^ A^ Lys Pro Arg 
355 360 365 

Val Asn Ser Glu Asp Ala Ala Lys He Pro Tyr Leu Lys Met Val Val 
370 375 380 

Lys Glu OSir Leu Arg Leu His Pro Pro Ala Uir Leu Leu Val Pro Arg 
385 390 395 400 

Glu •Hit Met Arg Asp Htxr Itor He Cys Gly OVr Asp Val Pro Ala Asn 
405 410 415 

rttc Arg Val Phe Val Asn Ala Tcp Ala He Gly Arg hsp Pro Ala Ser 
420 425 430 

Trp Pro Ala Pro Asp Glu Phe Asn Pro A^ Arg Phe Val Gly Ser Asp 
435 440 445 

Val Asp Tyr Tyr Gly Ser His Hae Glu Leu He Pro Hbie Gly Ala Gly 
450 455 460 

Arg Arg He Cys Pro Gly Leu Thr Met Gly Glu Thr Asn Val Thr Phe 
465 470 475 480 

Ihr Leu Ala Asn Leu Leu Tyr Cys Tyr Asp Trp Ala Leu Pro Gly Ala 
485 490 495 

Met Lys Pro Glu Asp Val Ser Met Glu Glu *Zhr Gly Ala Leu Thr Phe 
500 505 510 

His Arg Lys Ihr Pro Leu Val Val Val Pro Thr Lys lyr Lys Asn Arg 
515 520 525 

Arg Ala Ala 
530 



(2) BSFDRMAOTON FOR SBQ ID NO: 3: 

(1) SQQUEMwE CHAHACTEKX^nCS: 

(A) LQSGIH: 16 amino acids 

(B) TVPG: ancLno acid 

(C) STTHANDECNESS: unknGwn 

(D) TOPOLOGY: linear 

(ii) mUECJLE Ta?Bt peptide 
(v) FE^AGMENT T^fPC: N- terminal 
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(vii) IMMEDIME SCURCE: 

(B) GLOME: N-tezxtdnal peptide 



(xi) SEQUENCE nESCaRIPTICN: SEQ ID ND: 3: 

jaa Ihr Ihr Ala Otor Pro Gin Leu Leu Gly Gly Ser Val Pro Glu Gin 
1 5 10 15 



(2) INFQIRHATZGN FOR SEQ ID NO: 4: 

(i) SBQOENCB CHARACTBRISTICS: 

(A) LEXOGriH: 13 amino acids 

(B) TWE: amino acid 

(C) STRANDECMBSS: unknovgn 
ID) TOPOLOGY: linear 

(ii) MDiLBCUI^ T»E: peptide 

(V) FRACMEOT TOPE: internal 



(vii) IMMEDIME SOURCE: 

(B) CLONE: Internal peptide 



(xi) SBCPBNCE EESaUPTICN: SEQ ID NO: 4: 

Met Asp Axi? Leu Val Ala Asp Leai Asp Arg Ala Ala Ala 
1 5 10 

(2) INFORMATICS FGER SEQ ID NO: 5: 

(i) SEQUENCE CMARACTERISTICS : 

(A) L3a«3nH: 26 base pairs 

(B) TOPE: nucleic acid 

(C) STOANDOS^BSS: single 
<D) TOPOLOOy: linear 

(ii) M3ELBCULE TOPE: ENA (gencniic) 



(vii) IMMEDIATE SCURCB: 

(B) diONE: Primer 1 



(xi) SEQUENCE DESCRIPTICN: SEQ ID NO: 5: 
GQQGAMTCT TOXmCCNGA RWaUT 
(2) INFQRMATICW FOR SEQ ID NO: 6: 
(i) SEQUENCE CHARACZERISTICS: 
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(A) ISBSfXSIHz 6 amino acids 

(B) lYTG: amino acid 

(C) STRAMDETNBSS: unknown 

(D) TOFQLCX;^': linear 

(ii) MDLmiUB TYTO: peptide 
(v) FRAGMEXTT T^fSG: internal 



(vii) IMMEDIME SCX3RCB: 

(B) CUJtJEi Amino acids encoded by primer 1 



<xi) SEQUENGB DESCRIFTIGN: SEQ ID 6: 

Phe Xaa Pro Glu Azg Phe 
1 5 

(2) IKEXDKMAaTGN FCSl SEQ ID ND: 7: 

(i) SEQUENCE CHARACTERISrECS: 

(A) ISNSTRi 26 base pairs 

(B) TYPE: nucleic acid 

(C) ^mANOECMESS: single 

(D) TOPOLOGY: linear 

(ii) MJIiBCULE TYPE: INA (genomic) 



(vii) IKMEDXATE SOURCE: 

(B) CLCNE: Priitier 2 



(xi) SBQUE29CE DS5CRXF7IGN: SEQ JD NO: 7: 

GCX3GATCCIX IRCAinNC3C lOONCC 
20 

(2) IMFORMATIOtl FOR SEQ ID NO: 8: 

(i) SBQPESICE CHAR&CTERISmCS: 

(A) IftlsnH: 7 amino acids 

(B) TYPE: amino acid 

(C) sm^ANDECKESS: un)cnown 

(D) TOPOIiOGY: linear 

(ii) MOTiFXTULE TOPE: peptide 
(v) raAGMHW TYPE: internal 



(vii) IMMEDXAXE SOURCE: 

(B) CUGNE: Aooino adds encoded by primer 2 
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(xi) SBSOEXICE DESCBIFTIGN: SBQ ID NO: 8: 

Gly Arg Arg Xaa Cys Xaa Gly 
1 5 

(2) INFQRMATIGN FOR SEQ ID ND: 9: 

(i) SEQUENCE CHARACTERISTICS: 

(A) LENGOH: 17 base pairs 

(B) TOPE: nucleic acid 

(C) STOAMDEtXaESS: sixigle 

(D) TOFOUX;^: linear 

(ii) M0I£3CUI£ TOPE: ENA (gencroic) 



(vii) IMMEDIATE SOURCE: 

(B) CLCNE: T7 prixner 



(xi) SEQUENCE EC9CRIPTI0M: SBQ ID. NO: 9: 
AATAOGACIC ACIATAG 1*7 
(2) INPORMATICN FOR SBQ ID ND: 10: 

(i) SBQUEMCE CHARALTKKISnCS : 

(A) liENCJIH: 24 base pairs 

(B) TYPE: nucleic acid 

(C) STRANDECNESS: sixigle 

(D) TOPOIX)GY: linear 

(ii) MDUESCUIiB TOPE: INA (genomic) 



(vii) IMMEDIAXB SOURCE: 

(B) CLONE: n2** gene specific primer 



(xi). SEQUENCE DESCRIFTICN: SBQ ID NO: 10: 
GOGCSATCOGA CTACTACQGC TOGC 24 
(2) INFDRMATIGN FOR SBQ ID ND: 11: 

(i) SEQUENCE CHARACTERISTICS: 

(A) I£2CrZH: 25 base pairs 

(B) TOPE: nucleic acid 

(C) SIRANE2SM5SS: single 

(D) TOPODOGy: linear 

(ii) MDlfCULC TOPE: ENA (gencndc) 
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(xi) SEQUENCE DESCRIPTICN: SBQ ID NO: 11: 
GCQGATCCrr TTTTITrriT Tmv 25 
(2) INFORMATIGN FOR SBQ ID NO: 12: 

(i) SSQOEE^ CHARACIEaiCTICS: 

(A) X.m?IH: 24 base padrs 

(B) TOTS: nucleic acid 

(C) STTOANDECMESS: single 

(D) TOPOLOGY: linear 

(ii) MOUE)CUIiE TCTB: ENA (genomic) 

(vii) BMEDIAZC SOURCE: 

(B) CLCmt *7* gene specific prizner 

(xi) SEQUENCE DESaapnON: SBQ ID NO: 12: 
GCGGWTOOGA CATCAAQQGC AGCX3 24 
(2) INPCMttlATICN FOR SBQ ID NO: 13: 

(i) SEQUENCE CHAHACTEBISnCS: 

(A) Ul^orrH: 44 base pairs 

(B) TYPE: nucleic acid 

(C) STBANDECNESS: single 

(D) T0POIJ0C3Y: linear 

(ii) ICSLBCULE TYPE: INA (gencndc) 

(vii) IMMEDIATE SOURCE: 

(B) CLGNE: Priicer 3 

(xi) SEQUENCE DESCBIPTICN: SEQ ID NO: 13: 

CQacaGAarocA tatqgacxsca TCATTAcrac Tcioog ro QC acre 44 



(2) IMFURMATIGN FOR SEQ ID NO: 14: 

(i) SEQUENCE CHARACTERISTICS: 

(A) I£N3TH: 31 base pairs 

(B) TYPE: nucleic acid 

(C) STRANDEItaSSS: single. 

(D) TOPOXiOGY: linear 

(ii) MOLECULE TOTB: INA (genoadc) 



(vii) IMMEDIATE SOURCE: 
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(B) CliQNB: Friner 4 



(xi) SBQUEtXS CESCRIFnOSI: SEQ ID NO: 14: 
COCAMaCTIA TTfCKTCSC^ ADGGGGQI^OOC T 
(2) INEXDRMATION FOR SEQ ID NO: 15: 

(i) SBQCIEX^ CHABACTERISnCS: 

(A) LEl^Grni: 41 base paizs 

(B) lYP&i nucleic acid 

(C) STSU^NEEZMESS: sixigle 

(D) TOPOLOGY: linear 

(ii) MDLE)CULB OYFE: EN\ (genomic) 



(vii) IMMEDIASS SOOHCB: 

(B) CLCNB: Frimsr 5 



(xi) SBQUE29aS DESCRXPTICa^: SBQ ID NO: 15: 
TAIXSGCMOV iUCAGCAACXX: OQCAGdCCT C 
(2) INFORMATIGN FOR SEQ ID NO: 16: 

(i) SE&JEXJCE CHARACTESIISTICS: 

(A) I^NGTIH: 39 base pairs 

(B) lYFE: nucleic acid 

(C) Sn^ANDECNESS: single 

(D) TOPOLOGY: liryear 

(ii) MOLEXmLE TOBz DMA (genomic) 



(vii) IMMEDIATE SOURCE: 

(B) CLONE: Primer 6 



(xi) SEQUENCE DESCHIFTXGN: SEQ ID NO: 16: 
OSCAAGOTEA TTATQCIQOG CXXAXOTICT TGrCATTIGG 



(2) INFORMATIGN FC^ SBQ ZD NO: 17: 

(i) SEQCJENCE CHARACTEaRISTICS: 

(A) LENQIK: 542 amino acids 

(B) TYPE: amino acid 

(C) STRANDBCNESS: vonikncMn 

(D) TOPOLOGY: linear 

(ii) MDLEXXnJB TOPE: protein 
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(iii) HYPOraBnCM*: ND 

(iii) Win-Sa^: ND 

(v) FRAGMEXir lYES: intierzial 

(vi) QRlGIZilAL SCURCB: 

(B) STRAIN: Sixmpxs alba 

(xi) SEQUENCE DESCRIPTICN: SBQ ID NO: 17: 

Met Asn Thr Phe Ite Ser Asn Ser Ser Leu Ihr Ser Ite rttir Lys 
1 5 10 15 

Gin Ihr Leu Ser Ehe Ser Asn Met lyr Leu Leu Ihr Ihr Gin Ala 
20 25 30 

Phe Val Ala lie Ihr Leu Val Met Leu Leu Lys lys Val l«u Val Asn 
35 40 45 

Asp Thr Asn Lys Lys Leu Ser Leu Pro Pro Gly Paro Thr Gly Ttp 
50 55 60 

Pro lie lie Gly Met Val Pro Thr Met Leu Lys Ser Arg Pro Val Phe 
65 .70 75 80 

Arg TCP Leu His Ser lie Met lys Gin Leu Asn Thr Glu lie Ala Cys 
85 90 95 

Val Arg Leu Gly Ser Thr His Val lie Thr Val Thr Cys Pro Lys lie 
100 105 110 

Ala Arg Glu Val Leu Lys Gin Gin A^ Ala Leu 5he Ala Ser Arg Pro 
115 120 125 

Met Thr TVr Ala Gin Asn Val Leu Ser Asn Gly TVr Lys Thr -C^ Val 
130 135 140 

lie Thr Pro Phe Gly Glu Gin Phe Lys Lys Met Arg Lys Val Val Miet 
145 150 155 160 

Thr Glu Leu Val Cys Pro Ala Arg His Arg Txp Leu His Gin I^^ Arg 
165 170 175 

Ala Glu Glu Asn Asp His Leu Thr Ala Ttp Val TVr Asn Met Val Asn 
180 185 190 

Asn Ser Asp Ser Val Asp Ehe Arg ihe Val Thr Arg His Tyr qys Gly 
195 200 205 

Asn Ala lie Lys Lys Leu Met Hie Gly Thr Arg Thr Phe Ser Gin Asn 
210 215 220 
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Hit Ala Pro Asn Gly Gly Pro Ihr Ala Glu Asp He Glu His Met <31u 
225 230 235 240 

Ala Met Pb& Glu Ala Gly PbB Dbr Hie Ser Phe Cys He Ser A^ 
245 250 255 

Tyr Leu Pro He Leu tbr Gly Leu A^p Leu Asn Gly His Glu Lys He 
260 265 270 

Met Arg Asp Ser Ser Ala He Met Asp Lys Ty^ His Asp Fro He He 
275 280 285 

Asp Ala Arg He Lys Met Trp Arg Glu Gly Lys Lys Thr Gin He ^lu 
290 295 300 

Asp Hie Leu A^ He Phe He Ser He Lys Asp Glu Glu <31y Asn Pro 
305 310 315 320 

Leu Leu Thr Ala Asp Glu He Lys Pro Ihr He Lys Glu Leu Val Met 
325 330 335 

Ala Ala Pro Asp Asn Pro Ser Asn Ala Val Glu Trp Ala Met Ala <31u 
340 345 350 

Met Val Asn Lys Pro Glu He Leu Azg Lys Ala Met -Glu Glu He Asp 
355 360 365 

Arg Val Val Gly Lys Glu Arg lieu Val Gin Glu Ser Asp He -Pro Lys 
370 375 380 

Leu Asn *IVr Val Lys Ala.ile Leu Arg Glu Ala Hie Azg Leu His Pro 
385 390 395 400 

Val Ala Ala She Asn Leu Pro His Val Ala Leu Ser Asp Ala Thr Val 
405 410 415 

Ala Gly Tyr His He Pro Lys Gly Ser Gin Val Leu Leu Ser ^rg Tyr 
420 425 430 

Gly lieu Gly Azg Asn P^co Lys Val 'Trp Ala Asp Pro Leu S&r Hie Lys 
435 440 445 

Pro Glu Arg His Leu Asn Glu cys Ser Glu Val Ihr Leu ThrXSLu Asn 
450 

Asp Leu Arg Phe He Ser Hie Ser Thr Gly Xaa Arg Gly Cys Ala Ala 
465 470 475 480 

Pro Ala Leu Gly Ihr Ala Leu Thr Thr Met Leu Leu Ala Arg Leu Leu 
485 490 495 

Gin Gly Phe Thr TXp Lys Leu Pro Glu Asn -Glu Thr Arg Val t3lu Leu 
500 505 510 

Met Glu Ser Ser His Asp Met Phe Leu Ala Lys Pro Leu Val Met Val 
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515 



520 



525 



Gly du Ijeu Arg Leu Pro <31u His Leu Tyr Pro Thr Val Lys 
530 535 540 

(2) INPQRMATICN FOR SEQ ID NO: 18: 

(i) SBQUEI3CE C3iARACIS3asnCS: 

(A) LEMGTIH: 6 aztdno acids 

(B) TIPBz axaino acid 

(C) STWagWWRSS; single 

(D) TOPOLCXSnf: linear 

(ii) WiI£9CUI£ TYPE: peptide 
(iii) H^KyiUbTlCAL: NO 
(iii) ANTI-SENSE: NO 

(v) nUOflENT TYPE: internal 



(xi) SEQUENCTE ESESCaaPTION: SEQ ID NO: 18: 
Lys Pro Glu Arg His Leu 



(2) INFX3aB3MAnCN FOR SEQ ID NO: 19: 

(i) SBQUENCE CHftRACTERISTICS: 

(A) IfNGTIH: 6 amino acids 

(B) TOPE: amino acid 

<C) SIRANDEIMESS: single 
(D) TOPQIiOGy^: linear 

(ii) MOLBCaX£ TOPE: peptide 

(iii) HWOTHETPICaii: NO 

(iii) ANTI-SENSE: NO 

(v) FRAGMENT TOPE: internal 



(xi) SESyJENCE DE9CRIPTICW: SEQ ID NO: 19: 

Tbr Gly Lys Arg Gly Cys 
1 5 

(2) INFORMATIGN FOR SEQ ID NO: 20: 



1 



5 



1 



5 
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(i) SESJENCE CHARACTERISTICS: 

(A) I£19G1»: 31 axnixio acids 

(B) TYPE: andxio acid 

(C) STRMgDETWRSS: single 

(D) TOPauXSY: linear 

(ii) KSUEaCOLE TYPE: p^tide 
(iii) HYPOTHBTlCAIi: ND 
(iii) ANTI-SENSE: ND 

(V) FRAC3MEMr TYPE: interxial 



(xi) SBQ0E2XE DESOOPnCN: SBQ ID NO: 20: 

Lys Pro Glu Arg His Leu Asn Glu Cys Ser Glu Val Thr Leu Taur <31u 
1 5 10 15 

Asn Asp Leu Aig PhB lie Ser Phe Ser Thr Gly Lys Arg <3ly Cys 
20 25 30 

(2) INFORMATION FOR SBQ ID IK): 21: 

(i) SEQUENCE CHARACTERISTICS; 

(A) LENGTH: 31 amino acids 

(B) TYPE: amino acid 

(C) STTOANDGONESS: single 

(D) TOPOLOGY: linear 

(ii) M3LEC0LE TYPE: peptide 
(iii) HYPOIHETICAL: NO 
(iii) ANTI-SENSE: NO 

(v) FRAGMENT TYPE: internal 



(xi) SBQUQXS DESCHIFnCN: SBQ 21: 

Lvs Pro Glu Arg His Hie Asn Glu C^ys Ser Glu Val Ttor Leu Uir Glu 
1^ 5 10 15 

Asn Asp Leu Arg Hie lie Ser ftie Ser Tbr Gly Lys Arg Gly cys 
20 25 30 
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INTERNATIONAL DEPOSITARY AUTHORnY 
Mcmified is the bonaro of this psge 



I. IDENTIFtCATION OF THE KQCROOROANISM 



IdcntificaUoa fcfefence given by the DEPOSITOR: 

pcyp7iEi 



r fiveo by the 



INTERNATIONAL DEPOSITARY AinHORTIY: 
DSM 11367 



IL SOENTinC DESCRIPTION AN DOR PROPOSED TAX<»IOMIC DESIGNATION 
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( ) • proposed taxonomic destgnalion 
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in. RECEIPT AND ACCEPTANCE 
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V. INTERNATIONAL DEPOSITARY AUTHORTTY 
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Address: Mascberoder Weg lb 
0-38124 Draunschwcig 
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Date: 1997-01-15 
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INTERNAltONAL DEPOSITARY AUTHORITY 
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L DEPOSnOR 


IL IDENTinCATim OF THE MICROORGANISM 


Name: Plant. Biochemistry L»aborat:ory 

Royal Vet, & Agricult. Univ. 
Addicsr 4 0 , Thorva Ids ens ve j 

DK-1871 Frederiksberg C 

NOVARTIS AG 

Postf ach 

CH-4002 Basel 


Aceeaston mirober given by the 
INTERNATIONAU DEPOSITARY AUTHORITY: 

DSM 11367 

Data of the deposii or the tranfer': 
1997-01-10 


tn. VIABIUTY STATEMENT 


The viabUity of the mraof^Ltntsmideiitjricdiinderii above w 1997-01-13 
On that date, tbe said micnxirganism was 

(K)' viaWc 

( )* no longer viable 


IV. CmiHnONS UNDER WHICH THE VIABIUTY TEST HAS BEEN PERFORMED* 




V. INTERNATIONAL DEPOSITARY AUTHORITY 


Name: DSMZ-DEUTSCHE SAMMUING VON 
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Date: 1997-01-15 



Indteaie the date of original deponi or. where a new deposk m a tranifer h» been made. Ihe 
date of the tn m i fer ). 

In the cases tefecred to bi Rule lO^Va) (U) and (Uil. lefer to the mon iceem viability lesL 
Mailt with a crass the applicable box. 

m In If the ioformatioo has been icquesied and If Ihe icwttt of the lesi weie negative. ■ 
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XAyhflV'ts ctaimedis: 

1. A DNA molecule coding lor a cytochrome P450 mbnooxygenase catalyzing the 
conversion of an aldoxime to a nitrile and the conversion of said nitrile to the 
corresponding cyanohydrin. 

2. The DNA molecule according to claim 1 , wherein the monooxygenase is obtainable 
from plants which produce cyanogenic glycosides. 

3. The DNA molecule according to claim 2, wherein the monooxygenase is obtainable 
from plants selected from the group consisting of the genera Sorghum, Trifolium, 
Unum, Taxus, Triglochin, Mannihot, Amygdalus, Prunus and cruciferous plants. 

4. The DNA molecule according to claim 1 , wherein the aldoxime is the result of the 
conversion of an amino acid selected from the group consisting of tyrosine, 
phenylalanine, tryptophan, valine, leucine, isoleucine and cyclopentenylglycine in the 
presence of a monooxygenase catalyzing the conversion of said amino acids to the 
corresponding N-hydroxyamIno adds and the conversion of said N-hydroxyamino acids 
to said aldoximes. 

5. The DNA molecule according to claim 1 , wherein the monooxygenase catalyzes more 
than one reaction of the biosynthetic pathway of cyanogenic glycosides. 

6. The DNA molecule according to claim 1 comprising DNA necessary for the use in 
recombinant DNA technology. 

7. The DNA molecule according to claim 1 coding for a monooxygenase of Sorghum 
bicolor. 

8. A cytochrome P450 monooxygenase which catalyzes the conversion of an aldoxime to 
a nitrile and the conversion of said nitrile to the corresponding cyanohydrine. 
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9, The cytochrome P450 monooxygenase according to claim 8, whose ability to convert 
an aldoxime to a nitriie depends on the presence of NADPH and which dependency 
can be overcome by the addition of reductants. 

10, The cytochrome P450 monooxygenase according to claim 9 having a molecular weight 
of 55 KD as detenmlned by SDS-PAQE and an N-terminal sequence as described In 
SEQiDNOrS. 

11, A method for the isolation of a cDNA molecule coding for a cytochrome P450 
monooxygenase, which monooxygenase catalyzes the conversion of an aldoxime to a 
ititrile and the conversion of said nitriie to the con-esponding cyanohydrin; comprising 

(a) Isolating and solubilizing microsomes from plant tissue producing cyanogenic 
glycosides, 

(b) purifying the cytochrome P450 monooxygenase, 

(c) raising antibodies against the purified monooxygenase, 

(d) probing a cDNA expression library of plant tissue producing cyanogenic glycosides 
with said antibody, and 

(e) isolating clones which express the monooxygenase. 

12- A method for the Isolation of a cDNA molecule coding for a cytochrome P450 
monooxygenase which catalyzes the conversion of an aldoxime to a nitriie and the 
conversion of said nitriie to the corresponding cyanohydrin; comprising 

(a) Isolating and solubilizing microsomes from plant tissue producing cyanogenic 
glycosides, 

(b) purifying the cytochrome P450 monooxygenase, 

(c) obtaining a complete or partial protein sequence of the monoxygenase, 

(d) designing oligonucleotides specifying DNA coding for 4 to IS amino aads of said 
monooxygenase protein sequence 

(e) probing a cDNA library of plant tissue producing cyanogenic glycosides with said 
oligonucleotides, or DNA molecules obtained from PGR amplification of cDNA 
using said oligonucleotides, and 

(f) isolating clones which encode cytochrome P450 monooxygenase. 
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13. A method for the Isolation of a cDNA molecule coding for a cytochrome P450 
monooxygenase which catalyzes the conversion of an aldoxime to a nitrile and the 
conversion of said nitrile to the corresponding cyanohydrin; comprising 

(a) designing degenerated oligonucleotides covering 3 to 10 amino adds of conserved 
regions of A-type cytochromes P450, 

(b) using the degenerated oligonucleotides to amplify one or more cytochrome specWc 
DNA fragments using the polymerase chain reaction* 

(c) screening a cDNA library with the cytochrome specific fragments to obtain full 
length cDNA, 

(d) expressing the full length cDNA in a microbial host, 

(e) identifying hosts expressing cytochrome P450 monooxygenase which ^talyzes 
the conversion of an aldoxime to a nitrile and the conversion of said nitrile to the 
corresponding cyanohydrin, and 

(f) purifying the doned DNA from said host. 

14. A method for producing a purified recombinant cytochrome P4S0 monooxygenase 
which catalyzes the conversion of an aldoxime to a nitrile and the conversion of said 
nitrile to the corresponding cyanohydrine; comprising 

(a) engineering the gene encoding said monooxygenase to be expressible in a host 
organism. 

(b) transforming said host organism with the engineered gene, and 

(c) isolating the protein from the host organism or its culture supernatant. 

15. The method according to claim 14, wherein the host organism Is selected frpm the 
group consisting of bacteria, yeast and insect cells. 

16. The method according to claim 14. wherein the cytochrome P4S0 monooxygenase of 
Sorghum bicolor Is produced. 

17. The method according to claim 14. wherein ttie cytochrome P450 monooxygenase has 
been modified. 

18. A transgenic plant comprising stably integrated Into its genome DNA coding for a 
monooxygenase according to claim 8 or DNA according to claim 1 enoodlrvg sense 
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RNA, anti sense RNA or a ribozyme, the expression of which reduces expression of 
cytochrome P450 monooxygenase. 

19. The transgenic plant according to claim 18 selected from the group consisting of plant 
types consisting of Cereals. Protein Crops, Fruit Crops, Vegetables and Tubers, Nuts, 
Oil Crops, Sugar Crops, Forage and Turf Grasses, Forage Legumes, -Fiber Plants and 
Woody Plants, Drug Crops and Spices and Ravorlngs. 

20. The transgenic maize plant according to claim 18. 

21 . The transgenic barley plant according to daim 18, 

22. A method for obtaining a transgenic plant according to claim 1 8 comprising 

(a) introducing into a plant cell or tissue which can be regenerated to a complete plant, 
DNA comprising a gene expressible in that plant encoding a monooxygenase 
according to daim 8, and 

(b) selecting transgenic plants. 

23. A method for obtaining a transgenic plant according to claim 18 comprising 

(a) Introducing Into a plant cell or tissue which can be regenerated to a complete plant, 
DNA encoding sense RNA, antI sense RNA or a ribozyme, the expression of which 
reduces the expression of cytochrome P450 monooxygenases according to 
daim l,and 

(b) selecting transgenic plants. 

24. Use of a DNA molecule according to claim 1 to obtain transgenic plants according to 
claim 18. 

25. A method of using a DNA molecule according to claiin 1 to obtain a transgenic plant 
resistant to insects, acarids, or nematodes comprising 

(a) introducing into a plant cell or tissue whidi can be regenerated to a complete plant, 
DNA comprising a gene expressible in that plant encoding a monooxygena^ 
according to claims 6, 
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(b) selecting transgenic plants, and 

(c) Identifying plants which are resistant to insects, acarids, or nematodes. 

26. The method according to claim 22, wherein said plant is a monocot or dicot plant 
selected from the group of plant types consisting of Cereals, Protein Crops, Friilt Crops, 
Vegetables and Tubers, Nuts. Oil Crops, Sugar Crops, Forage and Turf Grasses, 
Forage Legumes. Fiber Plants and Woody Plants, Drug Crops and Spices and 
Ravorings. 

27. A cytochrome P450 enzyme catalyzing the first step In the biosynthesis of 
glucoslnolates. 

28. The enzyme of claim 27 having the amino acid sequence shown In SEQ ID NO:17. 



